
Resolution Improvements and Physical 
Modelling of a Straw Tracker

The NA62 Experiment at CERN

Richard Skogeby

Student
Ht & Vt 2016
Master i Fysik
Fysik D – examensarbete III, 60 hp



Richard Skogeby: Resolution improvements and physical modelling of a
Straw tracker, The NA62 experiment at CERN, © January 2017



Carpe noctem

To the French speaking mechanic at the CERN car club, for helping
me with the painstaking 4 hour change of front wheel bearing with

rusty nuts, whom had already left when I came back with a very
fine bottle of wine as a token of appreciation.





A B S T R A C T

Lab measurements and Monte Carlo simulations have been carried
out for the evaluation of the Straw-type detectors used in the NA62

experiment at CERN. In addition, analyses of experiment data was
used in corrections to improve the reconstruction of particle tracks,
ultimately leading to improved resolution of the detector system as
a whole. 97.7 percent of the Straws were aligned to within 30 mi-
crons, quantified as the deviation from zero of the mean of the inher-
ent residual distribution of each Straw. A drift time dependence on
where along the Straw the particle ionized have been corrected for; be-
fore the correction the dependence was as big as 6 ns. A radius-drift
time relation based on the leading edge timing distribution has been
deduced and implemented. Upon implementation artifacts from the
piecewise fits used became evident. An alternative approach using
residuals has been put forward.
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Herein is presented the result of the work of the author carried out
at the Organisation européenne pour la recherche nucléaire, CERN, under
a Technical Student contract. The first six months of the contract was
funded directly by the Swedish government and the latter six months
by the NA62 collaboration. The work has been carried out under the
supervision of the NA62 Technical Coordinator Hans Danielsson for
simulations and lab work, and NA62 Physics Coordinator Giuseppe
Ruggiero for the data analysis.

1
I N T R O D U C T I O N

Gaseous detectors work on the principle of ionization of gas molecules,
and the subsequent movement of the created ions in an electric field,
in order to detect the particles traversing it. Improving the spatial res-
olution of a gaseous detector is a straight forward task. You just need
to know the geometry of your detector, determine the optimal set-
tings and gas mixture, and have precise knowledge of which signal
stems from which particle track.

Through understanding of the detector and its responses this work
aims to find the optimal settings for the Straw tracker of the NA62

experiment. In addition, through analysis of data, corrections to sev-
eral detector effects will be deduced and implemented into the analy-
sis framework. With optimal settings and implementation of the cor-
rections the hopes are that the temporal and spatial resolution will
further improve, specifically in the tails of the particle decays in the
squared missing mass spectrum.

In the laboratory the ideal high voltage for a certain gas mixture
can be determined. For the intents and purposes of this thesis the
ideal high voltage is where the detector is fully efficient, has a good
signal-to-noise ratio (SNR) and a minimum of Geiger discharges.

1



2 introduction

Figure 1: Straw chamber mounted in the experiment, looking upstream to-
wards the Be target. Source: NA62, CERN.

Simulations of the detectors can be carried out to determine the
response of the detector under a plethora of conditions. Monte Carlo
methods can be used to acquire information on the temporal resolu-
tion (timing), R-T, spatial resolution and number of trailing edges. By
including waveshaping front-end electronics extractions of signal tim-
ings similar to those in the actual experiment can be done. While sim-
ulations allow precise modelling of a detector it requires knowledge
of the response functions of the electronics, known gas properties,
and correct physics and data acquisition parameters to be properly
used. As will be shown, these factors are often implemented with an
inherent uncertainty. Thus, while the method used may be exact, un-
certainties in the boundary and initial conditions may lead to, at best,
good approximations. Another danger with simulations arise when
the physics is not completely understood, which might lead to good
approximations on erroneous principals. While possibly accepted in
practice, any self-respecting physics professor would not award any
points on an exam for such an effort, and so is not a practice that
should be accepted at a world leading physics organization.

Another approach to understanding the response of the detector,
is by analysing data generated by the particular detector system of
interest. The difference between the simulated data and the data ac-
quired from an actual setup is that the output is typically convoluted
by some function as a result of unwanted detector effects. Detector
effects will need to be corrected for, and in lack of knowledge of the
transfer function of the signal, unwanted corrections need be imple-
mented and the signal be interpreted as is. Three different types of
corrections will be deduced and implemented: these are a geometrical
alignment of the individual detectors constituting the Straw tracker,
caused by tiny differences in the installation of the detectors; a correc-
tion for the timing of the signal depending on where the ionization
takes place; as well as a unique determination of the RT-dependence
for each Straw based on the integrated timing distribution.
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Figure 2: One of the Straw views up-close, mounted in the chamber. Source:
NA62, CERN.

A confirmation to the improvement of the resolution could be ac-
quired through inspection of the tails of the K+ → π+π0 squared
missing mass distribution. A clean sample of that decay can be ac-
quired through the kinematic rejection of other events by firstly match-
ing of events in the GigaTracker (GTK) with the Straw and then using
clusters in the Liquid Krypton Calorimeter (LKr) and timing in the
Charged Hodoscope (CHOD) to isolate those specific events. This is,
however, outside the scope of this thesis but will probably be imple-
mented in the coming weeks. Starting off is acquiring an understand-
ing of the experiment in general and the Straw tracker in particular.
Following that the physics of the detector is detailed and contrasted
with its implementation into the Monte Carlo simulations. The pro-
gram used for the Monte Carlo simulations is Garfield, which in turn
interfaces the programs HEED and Magboltz for calculating primary
ionizations and electron transport respectively.

The structure of the thesis is in the way of a classic technical report
for its ease of navigation. The Materials & Methods and Results sec-
tions have been divided into subsections for each of the main areas
of investigation: lab work, simulation and data analysis. The scope of
the thesis is given in the Introduction followed by a basic outline of
the purpose and workings of the NA62 experiment, as well as an in-
troduction to the detector system that owes to the work of this thesis,
the Straw Tracker. In the Theory important statistical and physical
concepts are introduced, especially the mechanisms of gaseous de-
tectors with an emphasis on their implications for the Straws. In the
Discussion the results are further commented applying the chronol-
ogy of the Results section. In Summary & Outlook I present the the
shorthand version of what has been done and I give suggestions to
future improvements. The Appendix contains the majority of the re-
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sults from the data analysis, in order to reduce the cluttering in the
main thesis body.
1.1 the na62 experiment

At the NA62 experiment at CERN the main aim is to study the
physics of flavour through observation of rare kaon decays.

1.1.1 Theoretical background

Of particular interest in the study of rare kaon decays is the semilep-
tonic decay K+ → π+νν̄ which according to the Standard Model of
particle physics (SM) has a branching ratio (BR) of [14, 40]

B(K+ → π+νν̄)(SM) = (7.81+0.80
−0.71 ± 0.29) · 10

−11

where the first error summarizes parametric uncertainties and the
second error the theoretical uncertainties. The BR is the fraction by
which that particular decay mode occurs. A detailed account on the
calculation of B(K+ → π+νν̄)(SM) is given in Buchalla 1999 [15]. The
current value contains corrections to the one calculated by Buchalla
and includes: isospin breaking effects [37] and long distance contri-
butions by means of chiral perturbation theory[31]; next-to-next-to-
leading order (NNLO) Quantum Chromodynamics (QCD) corrections
on the charm quark contribution[16]; complete next-to-leading order
(NLO) electroweak corrections for the charm quark contribution[13];
NLO two-loop electroweak corrections for top quark contributions[14].
The uncertainty of B(K+ → π+νν̄)(SM) stems from the limited pre-
cision of the parameters from the parametrization of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix, which could owe to a value of
B(K+ → π+νν̄)(SM) = (9.11± 0.72) · 10−11[17]. The unitary CKM ma-
trix relates the weak interaction eigenstates of the three generations
of doublet partners to up-type quarks d′, s′,b′ with the mass eigen-
states of down-type quarks d, s,b or vice-versa, since the matrix is
unitary. Leptons satisfy analogous relations. In essence it quantifies
the probability of one quark of type i transitioning into another of
type j with probability |Vij|

2. This relation is written

 d
′

s′

b′

 =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


 ds
b

 (1)

and is a rework of the previous four-quark Cabibbo matrix by
Kobayashi and Maskawa in 1973 to allow for the (indirect) charge-
parity (CP) violation discovered in neutral kaon decay in 1964 by
Cronin and Fitch[18]. The first proposed evidence of direct CP vio-
lation came with the NA31 experiment at CERN in 1988. In 1998 the
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Figure 3: A schematic diagram of the NA62 detector system. Source: CERN
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Figure 4: First order Feynman diagrams. Due to there not being any flavor-
changing neutral currents (FCNC) in the tree-level of the Stan-
dard Model, the right diagram is forbidden. The flavor-changing
charged current (FCC) to the left is allowed

Figure 5: Feynman diagrams of two Z0 penguin and one box diagram con-
tributing to the decay of a strange antiquark into a own antiquark,
which is the decay prevalent in the K+ → π+νν̄ decay mode

successor of NA31 and predecessor to the NA62 experiment, i.e. the
NA48 experiment firmly established direct CP violation in the neutral
kaon system[28].

As is evident B(K+ → π+νν̄)(SM) is exceptionally well deter-
mined. Experimentally the BR has been determined to

B(K+ → π+νν̄)(Ex) = (17.311.5
−10.5) · 10−11

and was determined through the experiments BNL-787 and BNL-
949, which discovered two and three decays respectively in the low-
momentum region as well as one each in the high-momentum region
[3]. By improving the results on B(K+ → π+νν̄)(Ex) a more reli-
able |Vtd| can be calculated. Decays involving |Vtd| are unlikely to
be precisely measurable in so called tree-level processes (see figure 4)
involving top quarks, i.e. the lowest-order Feynman diagrams[27, 40],
so it relies on heavily suppressed loop- or box-mediated processes.
The decay K+ → π+νν̄ is just what that is. It is a decay that is medi-
ated by two Z0 penguins and one box diagram as in figure 5.

The experimental effort of NA62 was motivated by the large dis-
crepancy between the theoretical and experimental mean, as well
as the large uncertainty in the experimental measurement. With the
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NA62 experiment hopes are that the experimental errors can be re-
duced to a level of 10 percent or better. This is one of the bigger tests
to see if the SM holds, and if not, can give a hint on where to go for
future experiments. In two years of data taking the experiment aims
to detect 100 decay candidates.

1.1.2 Experimental setup

Figure 6: Part of the Straw Tracker where one plane has been arranged in
one of the modules that constitutes half of one of four chambers.
On top of this plane three additional planes in the same direction,
and four additional planes in the orthogonal direction will be as-
sembled. One module then constitutes 2 views, either the X and Y
view or the U and V view. The staggering of the planes is clearly
visible in the holes of the frame. Source: CERN.

400 gigaelectronvolt (GeV) protons are extracted from the Super
Proton Synchrotron (SPS) and guided onto a target of Be 2 mm in
diameter and 40 cm in length. After impact 6 percent of the par-
ticles are K+s, around 22 percent protons (ps) and 70 percent π+s.
These K+, p, π+ particles travel along the beam line at small angles.
Surrounding the beam line a detector system 270 m in length has
been constructed, consisting of 15 individual detector subsystems.
From start to finish these subsystems include the Cherenkov Detec-
tor with Achromatic Ring Focus (CEDAR), Kaon Tagger (KTAG), Giga-
Tracker (GTK), Charged ANTI (CHANTI), Straw Tracker,Ring-Imaging
Cherenkov counter (RICH), Liquid Krypton Calorimeter (LKr), Muon-
Veto (MUV) including MUV1, MUV2 and MUV3, Large-Angle Veto (LAV),
Intermediate Ring Calorimeter (IRC), Small-Angle Calorimeter (SAC),
Charged Hodoscope (CHOD), New Charged Hodoscope (NewCHOD).

The component is identified by the CEDAR-KTAG system by the
generation of Cherenkov radiation in the nitrogen gas of the CEDAR

which is detected by the photomultipliers in the KTAG.The GTK is a
spectrometer which measures the time and momentum of the beam
particles before entering the fiducial region. The CHANTI is a so called
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Figure 7: Cross-section view of a Straw with a particle track created by a
20 GeV π+, simulated using the Monte Carlo simulations program
Garfield [51].

guard-ring counter located at the last GTK station, it detects scattered
particles from hadronic interactions in the GTK.

The Straw tracker is a spectrometer made up of cylindrical conduct-
ing gas filled tubes with a central wire, with an internal pressure of
1 bar but located in a vacuum of 10−9 bar. The Straw tracker is di-
vided into 4 chambers of 1792 Straws oriented vertically, horizontally,
at 45°and 135°depending on the so called view. There are 4 views
in each chamber. Inbetween chamber 2 and 3 is the dipole Magnet
of the Nuclear Physics division number 33 (MNP33) 1 with a central
magnetic flux field strength of about 0.36 T. This magnet is what en-
ables the Straw Tracker its spectrometric abilities by providing a 270

MeV/c transversal momentum kick[5]. The LKr, IRC, SAC and LAV de-
tect most photons, which allows for automatic vetoing of unwanted
events in the trigger. The RICH detector distinguishes between π+s and
muons (µs) between 15 and 35 GeV/c. The MUV detectors supplement
the detections done in the RICH, in detecting and vetoing of muons.
The CHOD detects possible photo-nuclear reactions in the RICH mir-
ror plane and also backs up the RICH in the level zero trigger (L0) for
charged tracks.

The NA62 experiment uses plenty of recycled parts from earlier ex-
periments at CERN. Examples of this are: the MNP33 magnet for the

1 The MNP33 acronym is little known nowadays, and asking around the Experimental
Physics department (EP) as well as the NA62 collaboration produced many wrongful
guesses. In personal correspondence with Niels Doble at CERN some light was shed
on the subject: MNP was derived from M = (dipole) Magnet, NP = Nuclear Physics
(division, the precursor of EP), 33 = the 33rd magnet built by the NP division. The
original magnet was built in the 1960s, before having its gap increased from 0.6 m
to 2.4m and a second pair of coils added for the experiment NA48 in the 1990s.
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Figure 8: Left: Layout of the views per chamber, where each view consists
of 4 planes of 112 Straws. The 7 Straw hole measures 12 cm across
and allows for an unobstructed beam passage. Right: Illustration
of the staggering of each plane in a view. Note the increase in
distance inbetween the middle planes, this is because each view is
segmented into two half-views. Source: NA62, CERN.

Straw Tracker was used in the previous NA48 and NA48/2 experi-
ments; the scintillating lead-glass blocks of the 12 LAV stations with
accompanying photomultipliers were used in the Omni Purpose Ap-
paratus for the Large electron-positron collider (OPAL) barrel detector;
MUV2 is the front module of the NA48 Hadron Calorimeter (HAC) but
turned by 180°[19].

1.1.3 The Straw tracker

The Straw Tracker consists of 7’168 gaseous single-wire drift tubes
operating in proportional mode. The drift tubes are made of 36 µm
polyethylene terephthalate (PET) walls with an inside coating of 50

nm copper (Cu) and 20 nm gold (Au) constituting the cathode. The
inner tube radius (Rtube) is 0.49 cm and the central Au-plated tungsten
anode wire has a radius of 15 microns. The gas mixture is an Ar CO2
mixture of 70:30 percent at a pressure of 1 bar. The Straw Tracker
has an active detection length of 2.1 m, operates in an approximate
vacuum of 10

−9 bar and has a nominal high voltage (HV) of 1750 V.
The impedance of the anode is 180 Ω and the cathode 70 Ω.

The Straws are grouped into so called planes, views and chambers,
see figure 8. A chamber consists of four views u, v, x and y, oriented
45°, 135°, vertically and horizontally with respect to the laboratory
frame. Each view consists of four planes uniformly oriented but stag-
gered, so as to make sure a particle passes at least 2 Straws upon
passing. Each plane consists of 112 Straws, with a 7 Straw wide hole
between Straws 1-52 and 53-112 or 1-60 and 61-112, to allow for the
free passage of the beam. Although 112 Straws per plane, there are
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(a) Leading. (b) Trailing.

Figure 9: Leading and trailing edge timings acquired through saving of
the time the signal after the CARIOCA crosses a pre-determined
threshold. The threshold was set at a level of −10−4 µA, i.e. 3 per-
cent of the average simulated signal amplitude.

122 channels, resulting in 7’808 channels in total, which will be im-
portant for working with the data analysis in 3.3.

The output of the Straw is in the form of a time measurement of the
leading and trailing edge timings, see figure 9. The timings are passed
on to the front-end board which is responsible for the signal amplifica-
tion, shaping, discrimination and time measurements. Each front-end
board takes in an analogue signal from 16 channels. The three first
procedures are done in the so-called CARIOCA chip, subsequently
the time measurements are done in a time-to-digital converter (TDC).
The leading edge timing measurements are then converted to posi-

Table 1: Table of the most common K+ decays.

Type Decay mode Γi/Γ (%)[40] Mass (GeV·c−2)[40]

Leptonic K+ → µ+νµ 63.55 0.106

Semileptonic

{
K+ → π0e+νe

K+ → π0µ+νµ

5.07

3.353

0.140

0.241

Hadronic


K+ → π+π0

K+ → π+π+π−

K+ → π+π0π0

20.66

5.59

1.761

0.275

0.419

0.410

Accumulated BR: 99.984
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tion coordinates in the reconstruction by using a function with a best
fit to the R-T. As will be shown, the R-T can be acquired from the lead-
ing edge timing distribution, with a unique one for each Straw, or
through simulation using the same R-T for all Straws.

Naturally the Straws are not all identical, so any differences in per-
formance will need to be taken into account and corrected for in the
reconstruction. One such difference is the alignment of Straws rela-
tive the beam line. In addition to performance differences there are
detector effects. Detector effects are those which shape or otherwise
modify the signal such that it is morphed relative the "true" signal,
generated by the movement of charges in an ideal Straw. An exam-
ple of a detector effect that needs to be corrected for is the difference
in drift time depending on where along the Straw the primary ion-
ization takes place. This difference is typically at the order of 6 ns
between the lowest and the highest average.

When the necessary reconstruction algorithms have been made the
resulting data can be analyzed. The analyzer of the experiment takes
in the dynamical properties of the track and builds physics variables
out of it. One such variable is the m2miss and is the most discriminat-
ing variable for distinguishing K+ → π+νν̄ decay signals from the
background with a suppression factor of O(1012)[5].

1.1.4 Analysis

Figure 10: m2
miss under a π+ hypothesis (y-axis) plotted against the momen-

tum (x-axis).

The m2miss, among other deduced variables, can be built by using
the variables produced in the reconstruction, and is defined as

m2miss = (Pπ+ − PK+)2 (2)

where Pπ+ and PK+ denote the π+ and K+ 4-momenta and the
magnitude of the 3-momenta of PK+ is fixed at 75 GeV/c. m2miss
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is calculated under a so called π+ hypothesis, which means it is cal-
culated assuming the mass of the detected particle is that of the π+,
i.e. mπ+ = 0.139 GeV·c−2. A list of the most common decays for K+

can be found in table 1, and are also distinguishable in the m2miss

histogram, figure 11a.
In figure 11a m2miss is bounded in the upper limit by equation 2,

which for a K+ mass of 0.4937 GeV · c−2 and a π+/− mass of 0.1396

GeV · c−2, comes out at 0.1254 GeV2 · c−4. The first peak, counting
from the left, is from the decays of the leptonic decay mode listed in
table 1. The second peak is primarily from the two-particle hadronic
decay mode, and the third peak is from the three-particle hadronic
decay modes. The peaks are bound by the kinematic thresholds of
m2miss with Gaussian tails primarily from intrinsic detector effects and
multiple scattering.

(a) Experimental.
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(b) Theoretical.

Figure 11: Comparison of experimental and theoretical m2
miss under a π+

hypothesis. Source: NA62, CERN.

In figure 10, starting from the left bottom corner, one has the lep-
tonic and semi-leptonic decay modes from table 1 going from 6-75

GeV · c−1, the two-particle hadronic decay mode as a straight line
just above it, and the three-particle hadronic decay modes in the
top region. In addition the yellow background visible from about
42 GeV · c−1 above the straight line as well as extending well below
the leptonic decay modes is a result of undesirable scattered back-
ground events, mainly from protons and pions. This is also the case
for most events at 75 GeV · c−1 sharp, however, here is also included
the kaon beam itself. The semi-leptonic decays are most likely to be
found around 0.05 GeV2 · c−4. A theoretical account for the m2miss is
given in figure 11b.

In the search of the very rare kaon decay of K+ → π+νν̄ the m2miss
spectrum will have to be cleaned up, essentially meaning removing
contributions from decays not pertaining to the one of interest. One
way of doing this is through the use of the kinematic rejection, men-
tioned earlier. By now it is obvious that there are many different fac-
tors impacting on the final results of the NA62 experiment, and one
of these factors is properly functioning detector subsystems.
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The fundamentals of the inner workings of a Straw-type detector
have to some extent been known since the 1970s, since they work
on pretty much the same principles as Charpak’s Multi-Wire Propor-
tional Chamber (MWPC). However, adjustments to theory, and some-
times significant contributions, are continously made in the field of
gaseous detectors. The latest such contribution being the characteris-
tics of the signal ions, as shown by Kalkan [33] in 2015, further clar-
ified in section 2.7 below. Previous to Kalkan’s paper, and to some
extent still today, the mobilities used, and so the signal ions assumed,
in any simulation were those of primarily positive Ar ions (Ar+) and
positive CO2 ions (CO+

2 ) in Ar. Such was the case also for the simula-
tions done for the Straws of the NA62 experiment. In the simulations
of this thesis, the implications of Kalkan’s discovery have been imple-
mented.

2.1 central limit theorem

The addition of independent random variables will converge to a
Gaussian distribution if any deviations in mean or variance are sparse,
small and not too correlated.

For certain conditions the sum of a sufficient number of indepen-
dent random variables with finite variances and well defined means
tend to a Gaussian distribution. There are a numerous independent
conditions that can be satisfied for this theorem to hold, below two
conditions are presented.

The classic Central limit theorem requires the condition of all the
independent random variables being identically distributed.

Lyapunov’s Central limit theorem quantifies the sparseness, small-
ness and correlatedness of the variables.

2.2 gaussian distribution

The Gaussian distribution can be written as

φ(x|µ,σ) =
1

σ
√
2π

e
−(x−µ)2

2σ2 (3)

where µ is the mean, mode and median of the distribution and σ
the standard deviation.

13



14 theory

By invoking the Central limit theorem for a set of independent
random variables xi with a as mean and b2 as variances, it can be
shown that

x = lim
n→∞

n∑
i=1

xi (4)

is Gaussian distributed with expectation value µ = na and vari-
ance σ2 = nb2 [12], given that certain conditions are satisfied. For
all intents and purposes the distributions of interest in this paper are
assumed to satisfy the conditions of the Central limit theorem, unless
stated otherwise.

2.3 primary charged particle interaction in a gas

The Photoabsorption Ionization (PAI) model was first given a detailed
explanation in (Allison et. al. 1980, [1]), as a means for energy-loss of
a relativistic charged particle in an isotropic medium. The differential
cross section dσ

dE per electron per unit energy loss when calculated as

dσ

dE
=

α

β2π

σγ(E)

EZ
ln

√
(1−β2ε1)2 +β4ε

2
2

+
α

β2π

1

N hc

(
β2 −

ε1
|ε|2

)
Θ

+
α

β2π

σγ(E)

EZ
ln

(
2mc2β2

E

)
+

α

β2π

1

E2

∫E
0

σγ(E
′)

Z
dE′

(5)

and used along with photoabsorption cross sections, is referred to
as the PAI model. The last term is colloquially known as the Ruther-
ford term, since for large E it approaches the Rutherford differential
cross-section[44], and it describes scattering by quasi-free electrons1.
Here E is the energy transfer from the charged particle in a discrete
collision; σy(E) is the experimentally determined photoabsorption
cross section of the medium; N is the electron density,  h is the re-
duced Planck constant; α is the fine-structure constant; β = v/c is the
velocity of the charged particle in the interaction; Z the atomic num-
ber; ε = ε1 + iε2 the dielectric constant; Θ is a function of ε and β,
and governs the Cherenkov radiation of the particle in the medium;
m is the mass of the particle.

Upon the passing of a charged particle the gas will be ionized along
its trajectory. The interaction is mainly carried out through the inter-
action of the charged particle with the electron cloud of the atoms

1 Quasi-free electrons are bound electrons with an assumed ionization potential of
zero, for simplifying calculations.
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in the medium. Upon passing the particle and electron cloud ex-
change many low-energy virtual photons, which in the case of the
Straw tracker, will excite about 80 percent of the gas molecules[49]
and directly ionise only about 20 percent. The probability for the ex-
change of a virtual photon of a particular energy is governed by the
differential energy cross section, which describes the probability of in-
teraction per electron per unit energy loss. In 70 percent of cases the
photon exchanged is in the energy range of 15-30 eV, typically excit-
ing the gas molecules and possibly ionizing [36]. 15 percent of cases
for 30-45 eV. There is an integrated probability of 3.2 percent that
an event of more than 375 eV will occur, possibly creating a cluster
of more than 20 ion pairs, through direct excitation from the photo-
electron or from secondary effects. The secondary effects primarily
stem from excited molecules going on to further ionise if a quench
gas with lower ionisation potential (i.e. lower than the current exci-
tation energy of the noble gas) is prevalent, this process is called the
Penning effect.

2.3.1 A comment on the Bethe formula

The Bethe formula describes the mean energy loss per distance trav-
elled of swift charged particles traversing matter, it is commonly ex-
pressed as [40]

〈
−
dE

dx

〉
= Kz2

Z

A

1

β2

[
1

2
ln
2mec

2β2γ2Wmax

I2
−β2 −

δ(βγ)

2

]
(6)

where me, z, Z, A and I are the electron mass in g, charge num-
ber of incident particle, atomic number of absorber, atomic mass of
absorber, and mean excitation potential respectively. δ(βγ) is the den-
sity effect correction ionization energy loss, important for relativistic
particles. Wmax is the max energy transfer to an electron in a single
collision. All energies except the ionization energy, which is in eV, are
given in MeV. K is a constant given as

K = 4πNAr
2
emec

2 = 0.307075MeV ·mol−1cm2

with NA being Avogadro’s number and re the classical electron ra-
dius of

re = ne
2/4πε0mec

2

The reason for not using the Bethe formula and rather using the
PAI model stems in the detail in which they describe the energy trans-
fer process. The Bethe formula describes the mean value of the total
energy loss, but since it is weighted by very rare energetic events its
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mean value is far above the most probable energy loss, as can be
described by the mode of the Landau distribution. In practice the
fluctuations in energy loss of a charged particle traversing a gaseous
detector are large, due to the small probability for high energy trans-
fers to occur. With that said, high energy transfers must be accounted
for, but the method to account for them cannot be by averaging them
out. In addition, for relativistic energies, due to the β2γ2 growth of
Wmax a so-called relativistic rise of 〈dσ/dE〉 occurs, caused by these
rare high energy transfers. The relativistic rise causes the Bethe for-
mula to overestimate the energy losses for relativistic charged par-
ticles in gases. The relativistic rise is limited by the polarisation of
a medium which is proportional to the electron density. If a material
has a high electron density the relativistic rise is adjusted for correctly
by the δ(βγ) correction. For a gas, however, the effect does not cancel
and the rise in stopping power predicted by the Bethe formula ex-
ceeds the one from measurements. In figure 25 of (Bichsel 2006, [9])
is the overestimation of the Bethe formula for a P10 gas absorber. The
overestimation can also be seen in figure 2 of (Kepler 1958, [35]).

2.3.2 A comment on the Landau distribution

It has been known since 1944, when Landau deduced the distribution
bearing his name, that the Landau distribution agrees well with the
probability of energy deposits of a charged particle in a medium of
high electron density [39]. Instead of specifying the mean energy loss
(the distribution has no mean) it models the probability for high en-
ergy losses to a good approximation, and from it can be deduced the
most probable energy loss. The energy transfer according to the Lan-
dau distribution (more specifically the Landau-Vavilov distribution
with a Bichsel correction [9], let’s call it the Landau-Vavilov-Bichsel
distribution) could be modelled as

∆p = ξ

[
ln
2mc2β2γ2

I
+ ln

ξ

I
+ j−β2 − δ(βγ)

]
(7)

ξ = (K/2) 〈Z/A〉 (x/β2) MeV for a detector with thickness x in g ·
cm−2, j = 0.200.

The problem with using the Landau-Vavilov-Bichsel distribution is
that it is not a good model for thin absorbers. As seen in figure 1 of
(Bichsel 2006, [9]) the width of the energy distribution for a charged
particle traversing a gas is much thicker than the Landau distribution
would imply.
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Figure 12: Penning transfer rates, extracted from gas gain curves, with re-
spect to CO2 fraction. Source: Şahin 2014 [42]

2.4 penning effect

Since plenty of gas molecules go into excitation rather than ionization
there is a lot of stored energy in the gas. Because of the Penning
effect a, sometimes large, discrepancy between the measured signal
and the signal created from primary ionizations is given rise to. If an
Ar molecule is excited it will often lend its excess energy to a nearby
CO2 molecule, in an exchange that called the Penning transfer.

Two modes of Penning transfer can be distinguished:

• Tunneling of an electron, similar to an Auger electron (Hotop
1969, [29]) 2

A∗ +B→ A∗− +B+ (8)

A∗− → A+ e−A (9)

• Optical excitation (Katsuura 1965, [34]) and more rigorously ex-
plained in (Watanabe 1967, [54])

A∗ → A+ γ (10)

B+ γ→ B+ + e−B (11)

2 There has been claims that Lise Meitner is the actual discoverer of the Auger electron
(Sietmann 1988, [45]). On the contrary, O. H. Dupac says Sietmann neglected Auger’s
1923 publication and that the discovery is rightly attributed to Auger (Dupac 2009,
[22]).
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Based on research from Şahin et. al. the Penning transfer rate was
rounded and set to 60% (Şahin 2010 [41] & 2014 [42]) for the mix-
ture 70% Ar & 30% CO2, 1.02-1.04 bar, 300 K in the Straw tracker.
The Penning transfer rate is used by Garfield, along with Magboltz’
computed rates of excited molecule production [52].

2.5 blanc’s law

For binary gas mixtures the mobility of some ion can be calculated if
one knows the fractions f1 and f2 as well as the mobilities µ1 and µ2
of that ion in each of the gases separately. The relation was observed
by Blanc in 1908[11] and was determined to take on the form

1

µ
=
f1
µ1

+
f2
µ2

(12)

where µ is the resulting mobility of the gas mixture. Blanc’s Law
assumes that no reactions between two components take place[10].

2.6 multiple scattering

The scattering through Coulomb scattering from the gas molecules is
described by the Rutherford scattering. Because of the Central limit
theorem the displacement distribution, caused by the scattering of
the approximately 200 interactions over the Straw, is approximately
Gaussian. Non-gaussian tails stem from hard scatters, e.g. δ ray pro-
duction [40].

2.7 cluster ions

Up until 2015 it was assumed that the signal ions in gaseous detectors
were primarily noble gas ions with some contribution from quench
gas ions. As showed by Kalkan et. al in 2015 [33] this is unphysical.
Within a nanosecond after excitation, for an Ar/CO2 mixture, the vast
majority of signal ions are carbon dioxide cluster ions (CO2 · (CO+

2 )n),
see figure 13. For a gas mixture of 70/30 percent Ar/CO2, upon the
passing of a charged particle, the ratio of excited and ionized molecules
respectively will be, on average, the same. Due to the penning effect
the excited Ar will quickly ionize the CO2 molecules. In addition to
the Penning effect, and this is what wasn’t known previously, is that
the Ar+ ions also rapidly ionize the CO2 molecules which then go on
to attract neutral CO2 molecules through induced dipoles. In essence
what is seen through mass spectrometry is that the signal ions af-
ter only 10 ns in a gas mixture of 90/10 Ar/CO2 are predominantly
CO2 · (CO+

2 )n clusters, to an extent of over 90 percent.
In section 2.5 a binary gas mixture with no reactions between the

components was assumed, but because of the cluster formation the
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Figure 13: Signal ion concentration plotted against time for an Ar/CO2 mix-
ture of 90/10 percent. Source: Kalkan 2015, [33].

simple relation of equation 12 risk being rendered useless. However,
it turns out that the relation is still accurate to within a few percent
[33, 43].

In figure 13 about eight percent of the signal ions are Ar dimers.
These have been excluded from the implementation in the Monte
Carlo simulations based on the assumption that in a mixture of 70/30

Ar/CO2 the dimers are so few they contribute a negligible amount to
the signal generation.

2.8 quench gas

A quench gas is a gas with lower ionization potential than the first
states of the noble gas. For Ar CO2 is an especially good quench gas
since it it able to absorb photons from radiative decays of several ex-
cited states of Ar. For example, the cross section for radiation from
the decay of Ar 3p54s and 3p53d excited states are 30 Mb and 60 Mb
respectively. Ar has several excited states that are more energetic than
the ionisation potential of CO2, it is through these states the Penning
effect occurs. In addition the transverse diffusion is reduced drasti-
cally by increasing the amount of quench gas. Electrons transversely
diffuse upwards of 200 µm per cm[50]. Although transverse diffusion
obviously does not play a big role in cylindrical drift tubes, the lon-
gitudinal component can not be ruled out. The electron longitudinal
drift is included in the simulations, however, ion drift was deemed
negligible.
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2.9 avalanches

An electron colliding with an Ar atom is typically elastically scattered,
with the highest differential cross section for scattering at less than 90°
for a kinetic energy of 1 eV [24], skewing towards lower angles and
> 120° for higher energies. These interactions cause electrons to have
a very low mobility in pure Ar.

For an electron in Ar with N = 2.5 · 1025 atoms·m−3 and an Ar cross
section of σ = 0.15 Gb, the mean free path, when expressed as

λ−1 = N

∫Emax
0

dσ

dE
dE = Nσ (13)

is approximately 2.7 µm. This distance is much bigger than the
average inter-atomic distance of 3.5 nm [50]. The kinetic energy of an
electron drifting a distance of λ in an Ar filled Straw can be calculated
starting at Poisson’s equation for a charge-free region of space [26]

∆φ = 0 (14)

where ∆ is the Laplace operator denoting the divergence of the
gradient of the potential field φ. In cylindrical coordinates equation
14 can be expressed as

(
1

r

∂

∂r

(
r
∂

∂r

)
+
1

r2
∂2

∂θ2
+
∂2

∂z2

)
φ = 0 (15)

where ∂ denotes the partial derivative, θ denotes the azimuth and
z the signed distance from a designated xy-plane. For an isotropic
potential along the Straw equation 15 reduces to

1

r

∂

∂r

(
r
∂

∂r

)
φ = 0 (16)

which for the boundary conditions of anode voltage V = 1750 V,
cathode voltage as zero, anode radius as a = 15 µm V and cathode
radius as b = 0.49 cm, comes out to

φ(r) =
−V

ln
(
b
a

) [ln(r) − ln(b)] (17)

By computing the gradient of equation 17 the electric field as a
function of r is obtained:

E(r) =
V

rln
(
b
a

) (18)
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To find out the kinetic energy acquired over the mean free path one
need only deduce an expression for the acceleration of the electron
subject E(r). The force, F on an electric charge q subject to the electric
field E is

~F = q~E+ q~v× ~B (19)

and is simply the Lorentz force[26]. The kinetic energy, ε, acquired
by a particle of charge q is then simply equal to the work carried out
on the particle. Combining equations 18 and 19 and calculating the
work the expression

ε = q

∫rfin
rini

E(r)dr

= q

∫rfin
rini

V

rln
(
b
a

)dr
=

qV

ln
(
b
a

)ln(r)∣∣∣rfin
rini

(20)

is acquired, the ~B term was excluded from the beginning since it
does no work. With a λ of 2.7 µm the electron would have to start
drifting about 53 µm from the anode to gain enough energy to ionise
an Ar atom, making the effective volume of detection quite meager.

By introducing a so called quench gas in the form of CO2, a gas with
a very high momentum transfer cross section for low energies, the
electrons are allowed to drift towards the avalanche region. Once in
the avalanche region the electrons will have enough energy to ionize
upon collision, and produce a cascade with two electrons produced
per collision. The cascade ionize all around the anode, completely
enveloping it in ion pairs. Within 100 ns most electrons will have
reached the anode, leaving the cations to, relatively slowly, drift to-
wards the anode and take part of the processes that constitute the
signal of the detector.

2.10 discharges

Geiger Discharges is the same thing that is described by Paschen’s
curve. A Paschen’s curve is related to the strength of the electric field
that is needed for a breakdown of the gas such that every avalanche,
on average, produce more than one extra avalanche. It is evident that
this leads to a neverending process, and it is this process that is re-
ferred to as a discharge in the context of gaseous detectors.
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M AT E R I A L S & M E T H O D S

As previously stated, the work presented herein has been divided
into three different sections: lab measurements, simulation and data
analysis. A theoretical basis has been laid down, further theory is
discussed in the concept sections hereunder.

3.1 lab measurements

Measurements on a Straw module were carried out in the gaseous
detector laboratory of the Detector Technologies group at the Experi-
mental Physics department, with the goal of finding optimal settings
for the Straw, as well as lending a deeper understanding of the re-
sponse of the measurement system which included the front-end
CARIOCA chip, and at a later time, a linear amplifier front-end.

Concept

By investigating the signal amplitude and frequency of ionization in a
Straw for different high voltages, and under exposure of both cosmics
and isolated radioactive sources, the conditions of total efficiency for
the Straw can be found. These conditions are highly dependent on the
gas mixture, so any change of gas mixture require an investigation
of the efficiency. This is most easily done in a laboratory where the
measuring of the response of the system can easily be monitored and
the conditions controlled.

Setup

The measurements were carried out using a Straw module with one
active Straw. The Straw’s anode and cathode were connected through
the front-end board to a high voltage source. The front-end chips used
were firstly the CARIOCA and then a linear amplifier through which
an analog signal was read out. On the CARIOCA the signal was read
from setting up two probes over the c14 resistor and connecting them
to an oscilloscope. Output of the linear amplifier was read through
the channel connected to the active Straw.

23
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Procedure

Two different types of signal generation were used in investigating
the performance of the Straw tracker for different high voltages, these
were cosmics, i.e. muons, with an average energy of 4 GeV and pho-
tons from Fe-55 with an energy of 5.9 keV. While the cosmics go
through the Straws without depositing much of its initial energy
the photons interact primarily through photoabsorption, delivering
the full energy into the gas. Because of this aspect the signal should
have approximately the same amplitude regardless of place of ionisa-
tion. However, slight differences in signal amplitude will of course be
prevalent due to longitudinal diffusion, varying amount of so called δ
ray creation, electrons produced in knock-on interactions with a typi-
cal energy of a few keV, as well as a variation in the amount of δ rays
interacting with the cathode.

For both sources the minimum voltage amplitude and standard
deviation, as well as the baseline was read for all signals with an
amplitude below a threshold of -21 mV. In addition the time was
recorded using a stopwatch for determination of the frequency of
events above the triggering threshold.

Four different measurements were carried out using the Fe-55 source,
for each of distances x = 31.7, 69.7, 141.5, 204.5 cm, with the source at
a distance of approximately 1 mm from the Straw. For each position
the high voltage was varied in intervals of 25 mV, from 1525 mV to
2000 mV. The event frequency was only recorded for the x = 31.7cm
positioning of the source.

3.2 monte carlo simulations

The objectives of simulations utilizing Monte Carlo methods for the
Straw tracker include

• determining trailing edge timings

• determining the R-T dependence

• estimating the spatial resolution

the programs used for these simulations are HEED, Magboltz and
Garfield. HEED is used to calculate the ionization distribution uti-
lizing the PAI model, with a modification to the 1

E2
prefactor in the

Rutherford term of equation 5[44], and a modification to photoab-
sorption cross sections, to incorporate cross sections of each atomic
shell [46]. These additions allows to simulate low energy Coulomb in-
teractions, distinguish between interactions of different atomic shells,
determining the energy of the primary photoelectrons (depending
on in which shell the ionization took place), as well as determin-
ing atomic relaxation cascades, i.e. cascades of Auger electrons emit-
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ted during the relaxation of an atom after the emission of an in-
ner shell electron. In conclusion HEED specifically it calculates the
cluster density, cluster size distribution and the thermalization of δ-
electrons[47]. Magboltz solves the Boltzmann transport equations for
the electrons[8]. Garfield interfaces these programs and provides de-
tailed simulation of two- and three-dimensional drift chambers[51].

Concept

Simulations play an important role in physics, not the least in de-
veloping gas detectors. By means of simulation the performance and
signal response can be predicted, bringing obvious benefits, two be-
ing saving considerable amounts of time and money.

By first and foremost understanding the physics of how a gaseous
detector works, and secondly being familiar with Garfield, physics
simulations can be setup and run to provide detailed data on the
response of the detector, both upon irradiation and without.

Figure 14: Primary ionization in the Straw detector. The bar diagram shows
the fraction of ions created in the primary ionization.

The concept of simulating particle detections in a Straw detector by
the means of Monte Carlo simulations in Garfield, once all the nec-
essary setup has been made, starts with the generation of a primary
particle track through the detector, see figure 14. When the particle
goes through the detector it primarily interacts with the gas accord-
ing to the PAI model, in section 2.3. Some of the interactions will
be knock-on interactions, typically producing an energetic δ-electron.
For each track the primary ionizations can be calculated by calling
HEED. Properties such as cluster density, cluster size distribution and
the thermalization of δ-electrons are then estimated. The cluster den-
sity, i.e. the number of clusters per cm, is exponentially distributed
along the track length, meaning the Monte Carlo simulation acquires
the random variable from an exponential distribution. Specifically it
is the exchange of virtual photons in the primary interactions that is
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exponentially spaced. This especially has important implications for
the calculation of accurate leading edge timings.

Figure 15: Just after the electrons reach the anode in the Straw detector. The
bar diagram shows the ion fraction due to the effects described
by Kalkan [33].

The cluster size distribution refers to the size of ionizing events
taking place per spot, illustrated in figure 15. Typically when there is
one ionizing event it is accompanied by another, such that the mean
cluster size is of 2 ion pairs being created per cluster. The thermal-
ization of δ-electrons refer to electrons from knock-on collisions with
the π+. This causes the electron to acquire a large amount of kinetic
energy and typically not move in the anti-parallel direction of the
electric field. In addition, the delta electron will ionize along its track.
For some kinetic energy Tδ of the δ-electron, there is an associated
range of travel, R, depending on the medium in which it is travelling.
R is acquired from the total stopping power dT

dx , when integrating
its reciprocal over the energy its spanning, in this case from the ini-
tial kinetic energy Tmax to 0. This way of calculating R is referred
to the continuous-slowing-down-approximation or CSDA for short
[4, 48]. The RCSDA is a good approximation for the path length the
δ-electron travels. However, because of statistical fluctuations, such
as the production of additional δ-electrons by knock-on collisions by
the first δ-electron, they might have an actual range that is greater or
smaller than the RCSDA, this difference is referred to as straggling.
The thermalization of δ-electrons refers to the energy loss along the
path, which in itself has some range with an inherent straggling de-
pending on the initial kinetic energy.
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Figure 16: Ion drift in the Straw detector.

The motion of signals from start to finish is illustrated in figures
14-16. In the latter figure the signal is fully restored above zero as far
as after the CARIOCA is concerned, see for example figure 31 and
compare the signal amplitude against time for varying track radii,
as well as with and without CARIOCA, and match them with the
concept figures. The reduction in field strength as the distance from
the anode increases is effectively what reduces the strength of the
signal, since the total charge in motion is constant. In conclusion it
is the perturbation of the electric field that produces determines the
signal amplitude.

Setup

This section includes instructions on the physics and geometry spec-
ification of the various simulations. The majority of the simulations
were done in a similar manner with differences mainly pertaining to
the signal read-out and analysis.

The gas composition was defined as ca = 70 percent Ar and cCO2
=

100− ca. The temperature was set to T = 293.15 K, pressure to P =

1000 mbar. The transport properties of the gas mixture was calcu-
lated using Magboltz for a radial electric field ranging from E ∈
[100, 350 ′000] V·m and divided into 35 logarithmically spaced steps,
magnetic flux density B = 0, using 20 · 107 collisions per (E,B, θ)
combination, where θ is the angle between the electric and magnetic
field.

Using HEED the ionisation cross sections were prepared. The re-
duced ion mobility, µCO20 , for CO+

2 · (CO2)n clusters in pure CO2 gas
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Figure 17: Stopping power and RCSDA data of electrons in Ar from NIST
[2]. The RCSDA is calculated from the reciprocal of the stopping
power integrated over the incident kinetic energy of the electron
in the medium.

was extracted from (Viehland 1995 p.77, [53]) which lists the result of
measurements made in (Coxon 1979, [21]). The reduced electric field
E/N was in units of Townsends (Td), µCO20 in units of cm2 ·V−1 · s−1
and scaled as per equation 21,

µ0 = µ
P

P0

T0
T

(21)

where µ is the ion mobility at a certain temperature T and pressure
P, P0 is 760 torr (or 1013.25 mbar) and T0 273.15 K. E and µ were
appropriately scaled before passed on to Magboltz. E/N was scaled
by P according to the ideal gas law, for a standard gas density of
N0/V0 = 2.686763 · 1025 m−3[53], otherwise known as the Loschmidt
constant, but scaled by a factor of 3 to account for the breakdown of
the correlation as temperature approaches room temperatures, as fur-
ther described by (Huxley 1966, [30]). N0 is usually haphazardly set
to equal 2.5 · 1025 m−3, thus, to conform with convention the scaling
factor was set to

E

p
=

E/N(
0.010354

[
m2·kg

m3·s2·K

]
· T
) (22)

with a T set to equal 300 K, which is the temperature at which the
data was collected.

As argumented for in section 2.7 the signal ions in the Straw tracker
are those of CO2 · (CO+

2 )n. However, the ion mobilities needed are
not the ones for CO2 · (CO+

2 )n in pure CO2, but rather the ones for
CO2 · (CO+

2 )n in an Ar/CO2 mixture of 70/30 percent. This can easily
be achieved through Blanc’s Law, see equation 12, if one knows the
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Figure 18: Blanc plot with the inverse reduced mobility plotted against the
CO2 fraction. The blue line is a fit to data with similar conditions
to the Straw Tracker, thus a value of 0.67 was extracted and used
to scale the mobilities from Viehland 1995[53]. Source: Kalkan
2015, [33].

drift of CO2 · (CO+
2 )n in Ar. Unsurprisingly, this has not been measured.

However, in figure 18 (Kalkan 2015, [33]) a Blanc plot for similar cases
has been prepared. From the Blanc plot a scaling factor of 1/µ0 = 0.67
for a CO2 fraction of 0.3 can be extracted. The measurement was made
at an E/N of 20 Td, so to conform with data taking conditions it was
scaled relative this. In addition, by default Garfield accepts ion mo-
bilities in units of cm2 · V−1 · µs−1, thus enforcing a scaling factor of
10−6. The final expression for the µ going into Garfield comes out as

µCO2,Ar = µCO2

(
10−6

[
s

µs

]
· 0.67

[
V · µs
cm2

]
· 1.07

[
cm2

V · µs

])
(23)

where µCO2,Ar is then extrapolated linearly to values of E/N > 200
Td (Note! Garfield requires E/p, see equation 22).

The cell consists of a 2D tube geometry with an Rtube of 0.49 cm
and an anode radius of 30 µm with its center position at (x,y) = (0, 0)
and an applied potential of 1750 V. Albeit the geometry of the actual
setup is cylindrical, a 2D cross section of the detector has been justified
by considering the small angles at which the majority of particles
traverse the detectors in the actual experiment.

These settings outline the basic setup of the simulation. Signal gen-
eration depended on whether the simulation was running for trailing
edge timings, determining the R-T or for estimating the spatial resolu-
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tion. This information and the following analysis of the data has been
outlined in section 3.2.

Procedure

To acquire a signal similar to that in the read-out from the physical
detector the initial signal was convoluted by a time-response function
from the CARIOCA.

For the avalanche multiplication factor, see section 2.9, an exponen-
tial distribution with a mean of 20’000 was selected.

3.2.0.1 Trailing edge timings

To evaluate the temporal resolution of the Straw Tracker the timing
of the trailing edges of the signal post-CARIOCA was investigated.

Using 20 GeV π+ 100’000 tracks were simulated at a randomly gen-
erated distance from a uniform distribution of a radii r ∈ [0, .49] cm.

Avalanche ions were simulated in detail by using a model for which
a distribution of the origin of the secondary electrons are calculated.
The origins depend on electric field, gas properties and the townsend
coefficient, among others. The model does, however, not take into
account individual fluctuations of avalanches, since sometimes few
secondary electrons are produced and sometimes many. These fluc-
tuations are in effect averaged. The signal generated was convolved
with the CARIOCA signals. The signal after the CARIOCA was anal-
ysed for a threshold crossing with positive slope. If multiple crossings
were encountered, but fewer than three, the last crossing was saved
as the trailing edge timing and put in a histogram. If more than three
crossings were encountered the signal was discarded. The number
of crossings for was saved into a separate histogram. The histogram
of trailing edge timings was plotted and compared to trailing edge
timings from data.

In addition, the temporal resolution was determined by generating
200’000 tracks at a fixed radius, e.g. r = 0.9 · 0.49 cm, or 90 percent
of the full radius. The histograms generated were fit with Gaussians
and their standard deviation was taken to equal the temporal reso-
lution. By determining these differences in temporal resolution was
investigated for difference gas mixtures, high voltages and threshold
levels.

The results from the trailing edge timings was used accompanied
by results from investigations made in the lab to evaluate new settings
and gas mixtures.

3.2.0.2 Leading edge timings

For the R-T and resolution the leading edge timings needed be ac-
quired. In general this was done in much the same way as with the
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trailing edge timings. The differences were those of track radii and
threshold crossings. The track radii were chosen as an integer multi-
ple of 3.6 percent of the full radius, in total 27 different radii, such
that

rn =0.036nR

{∀n ⊂ Z+ :n ∈ [1, 27]}

where Z+ is the set of positive integers. The threshold crossings
were selected based on the first negative slope encountered. For each
rn 50’000 individual tracks were simulated, let i increment the tracks.

A scatter plot of rn,i with respect to the leading edge timing, t = τ,
was fit with a function

RT(t) = a+ bt+
√

|c(t− d) + e(t− d)2| (24)

with starting values for fit minimization summarized in table 2.
The fit function of equation 24 was chosen for its low number of
coefficients and the minimization was done using the Minuit2 imple-
mentation of the MINUIT [32] algorithm.

Table 2: Starting values for minimization of fit parameters for the R-T de-
pendence in equation 24

a −2.297 22·100

b −5.897 54·101

c 7.638 31·102

d 8.070 73·10−3

e −2.256 52·101

The RT(t) in equation 24 was used to calculate a set of residuals,
rn,i, defined as

rn,i = RT(t = τn,i) − rn,i (25)

For each n the resulting subset was fit with a skewed Gaussian.
The probability distribution function (PDF) of a Gaussian in equation
3 was integrated to obtain the cumulative distribution function (CDF)
as

Φ(t) =

∫t
−∞ f(t|µ,σ)dt

=
1

2

[
1+ erf

(
t− µ

σ
√
2

)] (26)
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where erf is defined as

erf(x) =
2√
π

∫x
0

e−t
2

dt (27)

and referred to as the error function [12]. Multiplying equation 3

with equation 26 and introducing a skewness variable λ, an expres-
sion for a skew Gaussian was defined as [6]

Ξ(x) = 2φ(x)Φ(λx) (28)

The root mean square,

fRMS =

√
1

tmax − tmin

∫tmax
tmin

Ξ(t)2dt, (29)

of Ξ for each rn was calculated and defined as the resolution for
the track radius.

3.3 data analysis

At NA62 data analysis refers to unfolding detector effects for con-
structing physics observables with suitable resolution or precision,
rather than interpreting some physics model or doing phenomeno-
logical fits. Upon the passing of a particle through the Straw tracker
an ensemble of processes are started in order to acquire a set of time
measurements, which after all the raw data have been saved are re-
constructed into the track of the particle.

Concept

Since the data sent for storage is nothing more than a set of time
measurements, one need not resort to hardware changes to make im-
provements to the resolution of the system. By interpreting the time
measurements in different ways, and by using statistical methods on
the already reconstructed tracks, one can to some extent improve the
resolution and minimize the effect of the detector and the electronics
on the signal output.

This thesis has focused on data analysis aimed to improve the res-
olution through

• Geometrical alignment (GA)

• Drift time correction with respect to the orthogonal coordinates
(XT-correction)
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Figure 19: Hit distribution per StrawID in plane 3.

• Definition of a unique radius-drift time dependence (R-T) for
each Straw

where improvements might be pronounced in the squeezing of
Gaussian tails in, for example, the K+ → π+π0 squared missing mass
signal region.

The GA requirement stems from the Straw Tracker being installed
with some variations in alignment in-between individual straws as
well as collective offsets in-between planes, half-views, views and
chambers, naturally worsening the resolution of the system. These
irregularities are easily dealt with through a statistical analysis and
subsequent adjustment of the reconstructed tracks and their distance
from the beam center. With sufficient amounts of data, corrections to
the offset of all tracks in each straw can be improved such that the
predominant errors arise from statistical fluctuations, the finite reso-
lution of the detectors, limited acceptance of the data acquisition and
the efficiency of the reconstruction [7].

The Straws used in the experiment have an active length of 210

cm [38]. In the data a relatively significant drift time dependency on
where along the Straw the ionization took place can be observed. An
XT-correction would correct for this dependency by adding some refer-
ence value to the drift time registered, consequentially removing this
unwanted detector effect. Although the Straws have followed strict
production principles and quality controls, differences in the perfor-
mance of the Straws are of course expected. Instead of using an R-T

strictly from a Monte Carlo simulation one can base the relation on
data from the actual detector[23].



34 materials & methods

The R-T can be deduced from the leading edge timing distribution,
dn/dt. dn/dt can be manipulated as

dn

dt
=
dn

dr

dr

dt
(30)

where dn/dr is acquired as a fit to its own distribution, i.e. the hit
distribution with respect to the radius. If the Straws are uniformly il-
luminated and the efficiency is constant along the Straw dn/dr could
be assumed constant and by integrating over r would thus be propor-
tional to Ntot

Rtube
. This would allow expressing the R-T as

r(t) =
Rtube
Ntot

∫t
0

dn

dt′
dt′ (31)

However, dn/dr appears to not be constant over the radius. By
observing the radius distribution deduced from implementing the
Monte Carlo-deduced RT(t) the non-uniform illumination dn/dr could
be modelled as

dn

dr
= a+ br (32)

where a and b are deduced from dn/dr of reconstructed data, see
figure 36. Inserting equation 32 into 30 one acquires the differential
equation

brr′ + ar′ =
dn

dt
(33)

which has the solution

r(t)1,2 =
−a±

√
a2 + 2b

∫t
0
dn
dt′dt

′

b
(34)

with an obvious fake root, since r > 0. Although this could easily be
implemented, it does not represent the solution that is evident from
lower level data. As is evident from the hit distribution per StrawID,
let’s call it dn/ds for an s denoting the Straw diameter, in figure
19, the assumption of uniform illumination, required for equation 34

to hold, are at best decent approximations and at worst unfounded.
From the relative large differences of illumination between Straws it
can logically be concluded that there exists some dependence within
the Straw, see figure 36. This dependence can be deduced from fitting,
for example, a Taylor polynomial of sufficient order over the distribu-
tion in nearest and next-nearest-neighbouring Straws. The fit can then
be used to scale the contribution of dn/dt, such that the r(t) is given
a correct contribution for each t.
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Figure 20: Muon run hit distribution.

The information on dn/dr has to be interpreted from dn/ds which
is a one-dimensional (1D) histogram with the bin numbering as StrawID.
Furthermore, the intensity decreases within the Straw according to
the beam intensity. This means that if a relation for dn/ds in a Straw
can be found, it has to be modified to range from r ∈ [0, 4.9] instead
of s ∈ [−0.49, 0.49].

With the above clarification in mind dn/ds can be modelled as a
Taylor polynomial of order 3, as has been done in the second subplot
of figure 19. The corresponding expression of dn/dr could then be
expressed by a reordering a fit h of dn/ds

hdn/ds(x) = a3x
3 + a2x

2 + a1x+ a0 (35)

by mirroring the equation for half the interval and displacing it by
the Straw radius for the other as

hdn/dr(x) = hdn/ds(−x) + hdn/ds(x− 4.9) (36)

where the displacement of 4.9 is in mm. Inserting 36 into the dif-
ferential equation 30 and solving the integrals is simple enough, but
the method would require the solution of a fourth degree polynomial,
which for sure is possible, but it would also produce four solutions
for the r(t) relation. Surely there are good solvers to implement for
linear minimization problems, but it turns out that there are easier
ways if the means are there, and at NA62 they are.

A linearly changing dn/ds can be achieved through illuminating
by what is known as a muon run. The muon run collides the protons
into a lead wall effectively creating a cascade of uniformly changing
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intensity, see figure 20. Performing the reorganization of the depen-
dence of a linearly changing distribution as per equation 36 produces
a constant radius dependence. Which allows the implementation of
the former expression of equation 31.

Setup

1. A 400 GeV proton accelerator.

2. 7168 Straw detectors arranged as previously specified.

3. Beryllium target or lead wall.

4. Data Acquisition system.

5. NA62 analysis framework.

6. Other: e.g. detectors and electronics for proper triggering, see
reference [38].

Procedure

An iterative approach was taken in the data analysis. The raw data
from the experiment was reconstructed in its uncorrected form, and
the data to be corrected was deduced from the basic physics variables
in the reconstructed files.

3.3.0.1 Geometrical alignment

The geometrical alignment was based off residuals, calculated through
subtracting the deduced hit position, x, in a Straw with the orthogo-
nal distance to the center of the view, d, as

fHResidual = x− d (37)

All fHResidual was compiled into one residual distribution per
Straw, totalling 7167 distributions, because one of the Straw channels
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was turned off due to a gas leak. An algorithm for the alignment was
run, working as follows:

Data : .root-file from analyzer
Result : Calculate correction of Straws
Initialize output file;
Read residual distributions into a 2D histogram;
for All Straw channels do

Read residual distribution of Straw channel;
if Number of entries is larger than 200 then

Fit histogram with Gaussian;
Print the Gaussian mean to output file;

else
Print 0 to output file;

end
end

Algorithmus 1 : Extracting the correction addenda from the residual
distribution and printing to the output file in 7808 rows, one for each
channel.

The output values were then used as correction addenda to the
hits of the Straw in the analyzer. The analyzer was run again and
the residual distributions was extracted once more and the process
repeated six times. The correction addenda from each iteration was
summed with the previous ones, until more than 97.7 percent of the
Straws were aligned to within 30 µm.

3.3.0.2 XT-correction

Figure 21: Histograms used in the evaluation of the XT-correction. Left: 2D his-
togram of the drift time against the orthogonal coordinates. Right:
a profiled view of the left histogram where for 200 bins along the
Straw the mean drift time, with standard deviation error bars, are
represented by the bin content.

Since the Straw views can take on four different angular orienta-
tions, an individual coordinate system was calculated for each view.
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This 1D coordinate system is referred to as the orthogonal coordinates,
X, of the Straw, and is simply a measure for position along the length
of it. The orthogonal coordinates, as previously implemented in the
framework, were calculated as


View U : X = (x+ y)

√
2; θ = (θx − θy)/

√
2

View V : X = −(x− y)
√
2; θ = (θx + θy)/

√
2

View X : X = y; θ = θx

View Y : X = x; θ = θy

(38)

where the coordinate system (x,y) is aligned looking downstream
at the Straw tracker, and the angle θ is defined in an ordinary counter-
clockwise manner from the x-axis. The drift time, T , was defined as
the leading edge timing.
X and T were binned in one 2D histogram per view with X in the

x-bins and T in the y-bins, see figure 21 as well as figures 58-72 in
appendix A.2. The average value and standard deviation of each T
was calculated for each X bin. The results were entered into 1D his-
tograms, also one for each view. For each view, regions of uniform
change were identified and fit with an appropriate weighted linear
function using Minuit2 [32] minimization. The blue round mark in
the profile histogram is the reference time for which the fits are sub-
tracted relative, the resulting correction addendum is subtracted from
the measured drift time. Drift times under the reference time produce
a positive value and those above produce a negative value. The pa-
rameters of the functions were extracted and implemented into the
reconstruction as a correction to the drift time.

Figure 22: Account for the pile-up in the detector by subtracting an estimate
of the dn/dt distribution.
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3.3.0.3 R-T dependence

Muon run 6812 r1141 was loaded into the memory. The contribution
from pile-up in the detector was subtracted from dn/dt by approxi-
mating it as a linear function function over the distribution, see figure
22.

The R-T was calculated according to equation 31, using the mod-
ified distribution from figure 22, dividing it into 100 bins. The scal-
ing of the resulting R-T relation was done after filling of the the his-
togram, such that when the derivative of r(t) reached zero the value
of r(t) was set to equal 4.9 µm. When the integral distribution had
been calculated the resulting histogram was fit with a piecewise con-
tinuous third order Taylor polynomial over three intervals, producing
twelve fit coefficients per Straw. The coefficients were extracted and
saved into a configuration file.

The new R-T dependence was implemented into the framework
where the parameters were read from the configuration file.
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R E S U LT S

4.1 lab measurements

Figure 23: Source at 31.7 cm from electronics. Signal amplitudes (left axis)
and trigger frequency (right axis) plotted against HV. The right
axis has two different scales, one for the background trigger fre-
quency (blue line, round marks) and one for the 55Fe + BG event
frequency (red line, diamond marks). The signal amplitude for
the 55Fe + BG events are marked with diamonds and red guides
and 1σ error bars. The BG events have round marks and blue
guides. The BG 1σ uncertainty is marked with a beige patch.

In figure 23 the mean signal amplitude for 55Fe + BG flattens out at
60 mV as the event frequency falls off sharply at 1525 V, at this point
the event frequency was 4.4 events per second. Increasing the HV the
event frequency maxes out at just under 100 events per second at 1600

mV. In the case of sole BG events the frequency has a tail extending to
the lower level HVs, rather than a distinct cut-off level. At an HV of
1525 V 0.6 BG events per second were recorded. The trigger frequen-
cies stop rising at an HV of 1600 V and 1825 V respectively. The signal
amplitude stops increasing at an HV of 1850 V for the 55Fe + BG and
at over 2000 V for the BG. The regions of linear proportionality, the
level before saturation of the CARIOCA, is typically 50-75 mV before
this.

41
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Figure 24: Results for the signal amplitude depending on position along the
Straw as well as the change in 1σ standard deviation. The position
is the absolute distance from the electronics, i.e. the CARIOCA.

As the 55Fe is positioned at different locations along the Straw the
mean signal amplitude varies. In figure 24 in the right subfigure the
signal amplitude is seen to be upwards of 60 mV higher at the far
end of the detector than 31.7 cm from the electronics. From a view
point of migration rather than difference in amplification, the signal
amplitudes are shifted along the HV by approximately 50 V when
comparing the extremes. The modes of the standard deviations are
located between 1740 V and 1785 V.

4.2 monte carlo simulations

The temporal resolution of the Straw, as determined through the stan-
dard deviation of a Gaussian fit to the trailing edge timings, was 3.78

±0.05 ns for a track at 90 percent of the the Straw radius, 12.56 ±0.13

ns for 50 percent and 19.91 ±0.63 ns for 10 percent, although the lat-
ter one clearly produces a result deviating from a simple Gaussian,
see figures 25a, 25b and 26a. The number of trailing edges above the
threshold is seen to increase as the track radius decreases. For 100’000

simulated tracks, at 90 percent track radius only 4 tracks produced a
double threshold trigger, at 50 percent this number increased to 1’370,
and at 10 percent 8’799 events produced a double threshold trigger
and, in addition, a triple triggering of the threshold level was caused
by 33 events.

The maximum values for the drift times of each simulation in fig-
ures 26a-25a were identified. For a track radius of 90 percent of the to-
tal the maximum drift time for a 100’000 track simulation was 186.07
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(a) Trailing 90 percent. (b) Trailing 50 percent.

Figure 25: Right: Simulated trailing edge timings at 90 percent of the Straw
radius, i.e. r = 4.41 mm. Left: At 50 percent of the Straw radius,
i.e. r = 2.245 mm.

ns, for 50 percent of the track radius it was 168.56 ns and for 10 per-
cent it came out to 174.04 ns.

The trailing edge timings for an assumed uniformly irradiated Straw
presented itself with a migration of 10.3 ns when comparing simula-
tion to data.

(a) Trailing 10 percent.
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(b) Trailing uniform.

Figure 26: Right: Simulated trailing edge timings at 10 percent of the Straw
radius, i.e. r = 0.49 mm. .Left: Comparison of simulated trailing
edge timings and those acquired from the experiment. The three
red Gaussians are the constituents of the blue fit to the Garfield
data.

For the estimation of the R-T the data in figure 28 was extracted. In
figure 28 the leading edge timing distributions have been fitted with
equation 24. Here slight skews of the distributions are evident, with
tails extending further to the left of the modes of the distributions
than to the right. The data was simulated at 200 bins over the range
of t ∈ [0, 0.3] µs. In figure 28 100 bins for the x-axis and 27 bins for the
y-axis was used. The R-T parameters to equation 24 are summarized
in table 3.

In figure 29 the residuals have been calculated according to equa-
tion 25 and subsequently fit with a skew Gaussian, equation 28. These
Gaussian fits were used in the calculation of the resolution in figure
30. The mode of the residuals tend to a higher value for increase in
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Table 3: Values after minimization of fit parameters for the RT(t) fit in equa-
tion 24 to the R-T.

a −5.420 62 ·100

b −16.1071 ·101

c 34.7293 ·102

d −0.142 631·10−3

e 2.904 47 ·104

R: the distribution marked red corresponds to the maximum R simu-
lated.

The root mean square (RMS), equation 29, of figure 29 is the de-
duced resolution of the Straw. The RMS was plotted alongside the
inter-quartile range (IQR) of a a box plot representation of the data, as
well as the σ of both the skew Gaussian and a regular Gaussian. Of
these the IQR is visibly the closest match to the RMS. Both Gaussian
σs over-estimate the resolution by upwards of 60 µm at their point
of maximum separation. The resolution for big R is r ≈80 µm. The
upper limit of the resolution, for R → 0 mm, is r ≈400 µm. In figure
29 is also the skew of the distributions which can be seen to increase
with the track radius to at least 3 mm, where it once again decreases.

Typical signals and detector responses for the 10, 50 and 90 percent
track radii simulations are shown in figure 31. In the raw tracks the
effect of the electron drift is clearly visible. The 10 percent track has
its signal arriving around 10 ns after the primary ionisation, the 50

percent track around 40 ns and the 90 percent track 110 ns. In the
CARIOCA the apparent arrival of the signal is shifted by about 5-
10 ns. Due to the shaping of the CARIOCA the signal intercepts the
‘time-axis’ at 140 ns for the 10 percent track, 180 ns for the 50 percent

Figure 27: Simulated data acquired from simulating 27 tracks at uniformly
spaced distances from the anode.
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Figure 28: R-T dependence scatter plot fit with RT(t) of equation 24.

Figure 29: Residuals of all 27 distributions calculated using the RT fitted to
the data.

Figure 30: The resolution with respect to distance of primary ionization.
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(a) 10/raw. (b) 50/raw. (c) 90/raw.

(d) 10/CARIOCA. (e) 50/CARIOCA. (f) 90/CARIOCA.

Figure 31: Signals before and after CARIOCA at track radii 10, 50 and 90

percent of Straw radius of 0.49 cm.

track and 218 ns for the 90 percent track. At that time the raw signals
reveal a signal of -0.28, -0.27, -0.18 µA respectively.



4.3 data analysis 47

4.3 data analysis

4.3.1 Geometrical alignment results

Figure 32: Histograms of the means of the residual Gaussian fits for every
iteration.

The improvement of the residuals can be seen in figure 32 where
one bin entry represents the mean of the Gaussian fit to the residual
distribution of that Straw. Note that the y-axes of the histograms are
in log10-scale. In subplot (a) no correction has been applied, subplot
(b) is after the first iteration, and so on. In subplot (a) 76.8 percent
of the Straws are aligned to within 30 microns, and in subplot (f)
this number is 97.7 percent. Notably is that the number of Straws
aligned to a level of 3 microns or less total 18.1 percent in (a) but an
impressive 83.5 percent in (f). These effects are visible in figures 33,
where the improvement on the tails of the distributions are clearly
seen in addition to the correction of the centers. Be aware that (a)
extends far beyond the limits of the x-axis. The largest deviation in
this set of data is 40.5479 mm in Straw 4784, which is an unusually big
error. The neighbouring Straws, 4783 and 4785, had initial residuals
of 0.0407995 and -1.20002 mm respectively. These big deviations are
not the norm and the tail of the histogram mostly extend to ±4 mm.

The correction factors reproduce a somewhat smooth pattern across
the view, as evident in figures 38-57 in the appendix, section A.1. The
accuracy of the correction is evident from figures 42-57 in the ap-
pendix, which provides 1σ error bars in addition to the mean value.
As expected the uncertainties of the correction factors for the edges
of all planes, where the illuminance is low, are bigger and have error
bars upwards of 0.2 mm.
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(a) Before.

(b) After.

Figure 33: Comparison of the residual distribution before and after align-
ment. Here both the global alignment of the centra of masses as
well as the improvements in the tails of the distributions are made
visible.
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4.3.2 XT-correction results

(a) Before.

(b) After.

Figure 34: Comparison of the XT before and after correction. The data before
includes data from 2·108 events, and the data after from 4.5·105.
The y-axes typically range from 60 to 66 ns in subfigures (a), and
from 58 to 72 ns in subfigures (b), this difference is due to the
comparatively large uncertainties at the edges of the corrected
data, due to the small amount of data used. The important thing
to note is the lack of orthogonal coordinate dependence around
0.

The results from the analysis for view 1 are shown in figure 21

in section 3.3.0.2, the rest of the views are in appendix A.2. A com-
parison of profile histograms of the reconstructions before and after
corrections can be seen in figure 34. It is clear that the linear compo-
nents with respect to the orthogonal coordinates have been corrected
for in figure 34b. Some dependence around 0 could be discerned in
some of the views of 34b, stemming from the linear nature of the
correction and some local non-linear fluctuations in its dependence.
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4.3.3 R-T dependence results

Figure 35: Unique R-Ts for each Straw.

The result of the fits are shown in figure 35. Considering the red
area of the figure, where the bulk of the R-Ts lie, the difference in the
R-T is upwards of 0.4 mm for short drift times and approximately 0.2
mm for long ones. In figure 36 a comparison of the different radial hit
distribution is shown. The radial hit distribution is a qualifier for the
R-T and should according to the assumptions made in 3.3 be constant.
The hit distribution when using the R-T from the simulated data has
an almost linear dependence over the radius. In addition, there is a
square bump for small timings. For the integrated time R-T, i.e. from
the integrated leading edge timing distribution, there are large fluctu-
ations for big and small radii as well as a bump around 3.6 mm. The
second derivatives of hypothetical function fits to the distributions
are seen to increase for bigger radii in both cases, however more so
in the intergrated time R-T than the Garfield one.

Figure 36: Comparison of dn/dr distributions before and after the unique
R-Ts were implemented.
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D I S C U S S I O N

In figure 23 the steep fall of the 55Fe + BG signal can best be explained
by understanding the signal creation process. The 55Fe ionizes the gas
through photoelectric interaction, effectively depositing the same en-
ergy for each ionization. Since the primary charge created remains
approximately the same, subject to statistical fluctuations, the signal
is expected to follow a linear relation with the HV. Deviations from
the linear relation could be explained by lack in efficiency for the
low level regions, due to the gas multiplication being insufficient
for producing a triggering event, and from saturation of the CARI-
OCA in the high end region. In addition, space charge effects and
discharges are expected to occur more frequently for the high level
regions. Space charge effects would cause a flattening of the signal
amplitude and discharges would cause it to rise sharply. If the lack in
efficiency is really due to too small of a signal to produce a triggering
event is, however, not a certainty, and further investigations would
need to be made in order to determine this.

For the BG amplitude the primary ionization varies, creating on av-
erage more charge the closer to the anode the particle passes. Because
of this the drop in frequency is much less drastic than in the case of
the 55Fe + BG case. The sensitive volume is in a sense reduced due to
this property of the background particles, in this case secondary cos-
mic particles in the form of µs. This is also why the signal amplitude
flattens out at a higher value; the signal is almost exclusively from
particles passing close to the anode with a high number of primary
ionizations.

Expanding on the same reasoning as in the first paragraph of this
section, the detector system would reach full efficiency when all muons
produce a big enough signal to be triggered. For a trigger level of 21

mV this happens at around 1820 V. However, 1820 V is just past the
linear region, meaning the CARIOCA is saturated to some degree. At
an HV of 1780-1800 V the signal amplitude is in the linear region and
the frequency is 90%-97% of full efficiency. The level at which full ef-
ficiency is reached would with this reasoning depend on the trigger
level, thus making it possible to acquire 100% efficiency for HVs lower
than 1820 V (stressing again the need for further investigations on the
actual nature of the drop in efficiency for lower HVs).

The discrepancy in signal amplitude in figure 24 can be explained
by the reflection of signal at the open-ended Straw. The open end
causes a positive reflection which effectively superposes the signal go-
ing in the direction of the electronics. The signal strength is reduced
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due to the impedance of the detector, but the effect of the signal re-
flection compensates and further adds on these losses. As expected
the signal amplitudes converge as the CARIOCA is saturated. The
migration of the distributions of standard deviation is related to the
amplification of the signal, and so the modes of those distributions
differ by 45 V in the HV domain. This has the implication that full
efficiency at one end of the Straw does not guarantee full efficiency
at another end. For this reason it is important to pick a high voltage
which is at full efficiency close to the electronics and in the region of
linear proportionality at the far end. With the arguments of the previ-
ous paragraph a conclusion can be drawn that an ideal high voltage
over the whole Straw would be found in the interval 45 V under the
recommended value for acquiring a good efficiency and CARIOCA
saturation weigh off.

The trailing edge timings of figures 25a-26a are different in both
size and shape. The clear flattening of the peak in the 10 percent dis-
tance case is a display of the impact that diffusion has on the signal.
When a particle traverses close to the wire the primary ionizations
are distributed at distances ranging from very close to the wire to
the far edge of the drift volume, close to the cathode. The electrons
starting their drift from the cathode will be more severely affected
by diffusion than those closer to the wire, with the longitudinal diffu-
sion being the main culprit. The maximum drift times were identified
to verify the claim that the trailing edge timing should be the same
for all track radii as suggested in [38]. This is obviously not the case
for neither the trailing edge timing as a measure of temporal resolu-
tion, nor in general for the maximum trailing edge timing. Clearly
the maximum trailing edge timing depends on how close from the
cathode a primary ionization takes place. It could also depend on the
δ rays reaching for the cathode, slightly increasing the signal in the
late timing regions. In addition the δ rays are responsible for the de-
viation in the tails from a Gaussian distribution [40]. One problem
with asserting that the maximum trailing edge timing should be the
same is because of the introduction of the CARIOCA. The CARIOCA
wants to restore the signal to the baseline, and it starts doing so as
soon as the signal arrives. A track close to the anode generates a lot of
primary ionizations and so the last few charges, stemming from the
volume near the cathode, will produce a comparatively small signal,
possibly below the threshold or even arrive at a time of the over-shoot
of the signal. Because of this baseline restoration it is not sufficient to
say that the maximum trailing edge timing is the same for all tracks.

The uniform trailing edge timings in figure 26b is both a good
example of a typical detector effect (migration) and of where assump-
tions in the simulation disagree with what is reproduced after the
reconstruction. As seen in figure 36, the hit distribution along the
radius is not reconstructed into one stemming from a uniform irra-
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diation of the Straw. This creates a bias in leading and trailing edge
timing distributions, explaining the differing shapes of the distribu-
tions in figure 26b. The standard deviation of the central Gaussian of
the Garfield data is around 20.1 ns and is a measure of the average
simulated temporal resolution. In the case of the experiment data this
value was determined to be 20.3 ns.

In figure 27 the maximum value of the leading edge timing dis-
tributions are seen to first increase to the ninth track, i.e. 1.496 mm,
and then seen to steadily decrease in an approximate linear fashion.
The changes in the spread of the distributions, which is what is caus-
ing this behavior, is on one part due to the effect of diffusion and
on another due to the exponentially distributed cluster spaces. Since
the primary clusters are not uniformly distributed along the ionizing
track there is an inherent increase in spread for tracks close to the
anode, which is in turn dependant on the probability of getting an
ionized cluster at a distance of the track radius, see figure 7 in the In-
troduction. So a track radius of 1.5 mm can be regarded as the point
where the diffusion has a greater impact on the leading edge timing
than does the exponential distribution of the primary clusters.

In figure 28 is the simulated R-T dependence. This dependence can
be implemented into the reconstruction as is, however, in practice
all Straws will to some degree deviate from this ideal relation. The
nature of these discrepancies is further discussed below at the section
for the uniquely determined R-T.

The mode of the residuals in figure 29 can be used as an indication
on the goodness of the RT(t) fit in equation 24. The bigger the devi-
ation from zero the worse is the fit. In this case the R-T dependence
does well for big radii.

The time shifts between the raw signals and the CARIOCA signals
in figure 31 depend on the amount of charge collected. In the CARI-
OCA are capacitors which take time to charge. Since the tracks with
large track radii create less primary charges the rise time is longer
than for the ones with small track radii. The difference in charge is
evident from the raw signals, where the area under the curves is pro-
portional to the total charge created, and the mean area for many
raw signals is relatable to the average charge from primary ioniza-
tion. Note that the signal is, however, not generated from the arrival
of the charged ions, but by the movement of them in the electric field.
Since there are still ions moving(see comparison of signals in section )
in the Straw after the trailing edge in the CARIOCA a build-up effect
can occur in the real detectors.

The convergence of the GA of the residual distributions in figure 32

is further depicted in figures 33 and 37. The corrections on the resid-
ual distributions are clearly visible. To see an actual improvement to
the resolution one would need to attain a clean sample of a decay, e.g.
the K+ → π+π0, and analyse its squared missing mass spectrum. Any
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improvement would most likely occur in the squeezing of the tails of
the distribution, due to the larger uncertainties prevalent there.

The XT-corrections as seen in figure 21, as well as figures 58-72 in
the appendix, are done using basic piecewise linear fit minimization.
Such corrections does indeed produce good results, see the compari-
son in figure 34, but the error bars in the profile histograms indicate
that a more accurate correction is possible. The non-trivial behavior
of the mean values of the profiles can arise from a plethora of reasons,
including wire sag, variations in local and global resistivity, signal re-
flections and slight differences in the elements of the read-out process
to name a few.

In figure 36 the shape of the dn/dr distribution can be explained
by the piecewise fits and the differences in the inherent derivative
of each intervals fit. By looking closely three regions can be distin-
guished, spanning the same domains as the ranges of r(t) for its three
constituent functions’ varying domains: [0, 0.02] µs, (0.02, 0.09) µs and
[0.09, 0.19] µs. Evidently, the use of piecewise continuous fits has its
disadvantages. Furthermore, the sharp rises in hits at the edges can
be explained by the flattening of r(t) in the extremes of its domain.
Since the hit distribution is sensitive to the shape of the higher or-
der momenta of the fit to the integral distribution of the drift time, it
could be interesting in looking at alternative ways of describing the
R-T.

An alternative way to calculate the R-T could be a way similar to
that used in the GA, i.e. an iterative correction. The tracks are recon-
structed using a best fit algorithm to the hits in several Straws. By
calculating an R from the reconstructed track to the anode wire and
subtracting it from the R of the R-T from Monte Carlo simulations, one
can compile a set of say 200 different correction addenda per Straw
which can be subtracted from the value of the simulated R-T in the
next reconstruction. The downside of this is the large configuration
file it creates, with almost 1.6 million values having to be loaded into
the memory. A similar approach to this was used in the calibration of
the Transition Radiation Tracker, TRT, of ATLAS[20] and the PANDA
at DESY [23].

5.1 autocalibration

The autocalibration method utilizes a naive R-T, same for all Straws
and calculated through e.g. Monte Carlo simulations, on which it
introduces corrections per time bin. As the signals from a track are
registered in the Straw Tracker an initial track radius for each Straw is
calculated using the naive R-T. The track is then reconstructed with a
best fit, using a recursive algorithm over all the Straw chambers, and
assigned hit coordinates and directions before and after the magnet.
From this reconstructed track the track’s radial distance from the an-
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ode wire can be deduced using simple minimization techniques and
cutting on distances greater than the Straw radius. By subtracting this
track radius post-reconstruction, call it rrec, from the naive one, a set
of residuals can be acquired, similarly to equation 25 but now with
a different application, where rn,i = rrecn,i and i would iterate the
number of residuals of interest per Straw n.

These residuals would be subtracted from the naive R-T. The new
R-T including the correction would be used in deducing a new best
fit for the reconstructed fit, and the procedure repeated. The process
would produce an approximate convergence between the two radial
distances.





6
S U M M A RY & O U T L O O K

In this paper the optimal high voltage has been determined to be
1735-1755 V, as a weigh off for CARIOCA saturation, good efficiency
and differences in signal strength along the Straw. The temporal res-
olution of the distance has been determined to be heavily depen-
dant on the track radius: for r = 4.41 mm the temporal resolution is
3.78± 0.005 ns. For smaller track radii the diffusion carries an increas-
ing distortion on the trailing edge timing distribution, at r = 2.45 mm
the resolution is 12.56± 0.13 ns. The spatial resolution of the detector
is around 80 µm for all track radii larger than 3.5 mm, before which it
steadily rises to around 400 µm close to the anode. The GA has been
carried out such that 97.7 percent of all Straws are aligned to within
30 microns, however, 83.5 percent of all Straws are also aligned to
within 3 microns. The average drift time discrepancies depending on
where the primary ionization took place along the Straw have been
removed through the XT-correction. The R-T from the integrated lead-
ing edge timing distribution showed some unwanted artifacts from
the chosen parametrisation. In lieu of sticking with the integrated
timing distribution, a method referred to as Autocalibration has been
suggested and described in section 5.1.

6.1 further work

The XT has only been corrected for using linear fits, with the initial ar-
gument being that irregular patterns visible might not be statistically
precise. Enough data is most definitely available for an improvement
of the XT-correction. The basic framework is there for the implemen-
tation of either smaller intervals of the piecewise functions or/and
higher order Taylor polynomials.

To determine to which degree the spatial resolution improved the
kinematical rejection of events not pertaining to the K+ → π+π0 de-
cay should be implemented, and the squeezing of the signal tails
quantified.

The integrated timing distribution should be discarded and an it-
erative Autocalibration process be implemented atop the Monte Carlo
deduced R-T.
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a.1 geometrical alignment

Corrections to the residual distributions per orientation are found in
figures 38-41. align3 are the corrections derived at herein, and Total
is the sum of the GA and previous alignments implemented into the
framework. Note the differences in y-axis ranges.

Below the figures bunched together with respect to their orienta-
tion are the more detailed plots with 1σ error bars for each view.

(a) Before. (b) After.

Figure 37: Comparison of the residual distribution before and after align-
ment of plane 2 in view 1. The center of mass of the residual
distribution in subfigure (a) is shifted slightly relative 0. In subfig-
ure (b) the center of mass is seen to be aligned with 0. In addition.
the tails of the residual distributions visible in subfigure (a) have
been reduced.
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Figure 38: Corrections to the residual distributions for all U views. align3 are
the corrections derived at herein, and Total is the sum of the GA

and previous alignments implemented into the framework. Note
the differences in y-axis ranges, where the align3 data ranges
from -0.1 to 0.1 and the total from -0.5 to 0.5 mm. Plots with
error bars and with in more detail are found in the appendix in
section A.1

.
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Figure 39: GA: All V views.
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Figure 40: GA: All X views.
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Figure 41: GA: All Y views.
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Figure 42: GA: View 1



A.1 geometrical alignment 65

Figure 43: GA: View 2
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Figure 44: GA: View 3
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Figure 45: GA: View 4
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Figure 46: GA: View 5
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Figure 47: GA: View 6
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Figure 48: GA: View 7
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Figure 49: GA: View 8
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Figure 50: GA: View 9
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Figure 51: GA: View 10
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Figure 52: GA: View 11
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Figure 53: GA: View 12
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Figure 54: GA: View 13
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Figure 55: GA: View 14
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Figure 56: GA: View 15
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Figure 57: GA: View 16
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a.2 xt-corrections

Below are the values used in the correction of the XT summarized in
histograms for each view. View 1 is found in the text, in figure 21.
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Figure 58: XT-corrections View 2

Figure 59: XT-corrections View 3
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Figure 60: XT-corrections View 4

Figure 61: XT-corrections View 5
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Figure 62: XT-corrections View 6

Figure 63: XT-corrections View 7
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Figure 64: XT-corrections View 8

Figure 65: XT-corrections View 9
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Figure 66: XT-corrections View 10

Figure 67: XT-corrections View 11
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Figure 68: XT-corrections View 12

Figure 69: XT-corrections View 13
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Figure 70: XT-corrections View 14

Figure 71: XT-corrections View 15
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Figure 72: XT-corrections View 16
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