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Abstract

In hadron physics experiments, new target concepts for 4π detec-

tors at storage rings are considered. One such concept based on frozen

hydrogen droplets, so called pellets, was developed in Uppsala. The

pellets are generated outside of the detector system and then guided

via a thin meter-long vacuum pipe towards the interaction point.

The granularity of the pellets offers the possibility to know the

position of an interaction with high accuracy. For this the positions

of the individual pellets must be known which in turn requires knowl-

edge of the pellet tracks. Due to a significant spread in direction and

velocity of the pellets, a system for pellet tracking has to be quite com-

plex and must make use of information from many pellet measuring

positions.

In the current simulation study, the time distributions of the pel-

lets at different measuring positions under certain assumptions as for

instance of the velocity spread was studied. The aim was to find the

positions for the measurement points in a certain configuration that

give the highest efficiency for tracking. A method to estimate the ve-

locity spread from a measured time distribution was developed and

the results are compared with experiments.

∗Erasmus project done at Uppsala University, Dept. of Physics and Astronomy
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1 Introduction

It has been a long challenge to investigate the structure of matter and to an-
swer the question if matter consists of “elementary particles” and if so how
one could describe them and their interaction. For a long time it was unsure
if the atom would be a “point like” particle or if it would have an intrinsic
structure. After the important experiments of Rutherford it was known that
an atom is a combined system of electrons orbiting the nucleus. Later it
was discovered that the nucleus itself is built up by nucleons, out of protons
and neutrons. In the course of time, with better methods and especially
higher energies, given by accelerators, physics got a deeper view inside mat-
ter. Nowadays we know that also the nucleons show an inner structure and
consist of quarks and therefore belong to the type of particles called hadrons.

Our knowledge about particle physics is summarized in a theory called
the Standard Model. One important prediction is that force carriers medi-
ate the interactions between fundamental particles. Today it is commonly
believed that four fundamental interactions in nature exist: the gravitation,
responsible for the attraction of masses, the electromagnetic force surround-
ing us in our everyday life and responsible for all kind of electro-magnetic
phenomena like e-m radiation or the chemical forces like Wan-der-Waals, the
strong interaction, holding together the quarks inside hadrons and other kind
of hadronic matter and binding the nucleons to nucleus and the weak inter-
action which is responsible for the radioactive decays.

For the description of the interaction between quarks, a theory called
Quantum Chromo Dynamic (QCD) is used. Quarks possess a kind of charge
called colour and the force is mediated by carriers called gluons. Different to
the electric charge the colour charge is three fold. (One gave them the names:
Red, Blue and Green). In a similar way as in electromagnetic interactions,
colour charged particles interacts by exchanging carrier particles, which are
the mentioned gluons. But gluons also carry an intrinsic colour charge and
can therefore interact with each other. This self-interaction leads to the ef-
fect that the force between quarks becomes weaker and weaker the closer
they get, as they would do at higher and higher energies. On the other hand
the force increases as quarks get separated from each other. The colour field
becomes stretched out to the point that so much energy is added to the sys-
tem of quarks and gluons that a new quark/antiquark pair can be produced.
Single or isolated quarks have therefore never been discovered. Instead one
can only find isolated hadrons, which can be seen as combined quark and
gluon systems. QCD is a very successful theory in describing the interaction
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of quarks and gluons at very short distances, which means distances smaller
than the size of a nucleon. Short distances are resolved by scattering of high
energy particles. Here quarks and gluons behave like non-interacting par-
ticles. This result is called asymptotic freedom. For example protons are
extended objects and high-energy reactions, like electron scattering, can be
explained by the assumption of point-like and (nearly) non-interacting con-
stituents which form the proton. But at the same time, as mentioned before,
it is impossible to isolate quarks from the rest of the hadronic-structure. One
observes the so called confinement of quarks and gluons. Consequently at
the low energy regime the interaction between quarks and gluons seems to be
“strong”. Below a certain energy limit the corresponding calculations of QCD
loses their accuracy. The phenomena of confinement cannot be explained in
a sufficient and quantitative way with QCD and the relation between the
domain of hadrons and the regime of quarks and gluons is not fully under-
stood. However an understanding of those small energy scales is relevant for
the description of matter surrounding us.

Studies of the strong interaction (at the low energy regime) can be done
by spectroscopy experiments where the particles and their properties are in-
vestigated and precisely measured. One valuable way for this kind of investi-
gation is given by the antiproton proton annihilation in which many different
hadronic states can be formed. As an important example the Charmonium
state can be mentioned. Charmonium is a bound state of a charm/anticharm
(c/c̄) quark pair. The charm quark itself is relative massive, making the mo-
tion of the Charmonium almost non-relativistic and the potential they move
in almost static. This leads to the fact that charmonium has a positronium
like spectrum. The energy levels of this spectrum are simply described by the
potential between the interacting quarks. Investigations of the charmonium
spectrum therefore gives information about the properties of the (strong)
interaction between the quarks at short distances.

An other issue that might greatly advance the understanding of hadronic
structure is the prediction of the existence of exotic states which, especially in
their quantum numbers, cannot be understood by configurations of a simple
quark/antiquark (q/q̄) pair (meson) or a three quark state (baryon). Such
exotic states are an important consequence of QCD. E.g. glueballs, self-
interacting states made out of gluons are predicted to exist, but unambigu-
ous evidence is still missing. It is therefore clear that precise measurement of
the properties of candidate glueballs (or other hybrid stats) would facilitate
a better understanding of QCD in the low energy regime.
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The P̄ANDA experiment (antiProton Annihilation at Darmstadt) at FAIR
(Facility for Antiproton and Ion Research) at Darmstadt is a new facility for
this field of research. Among other questions, charmonium and baryon spec-
troscopy will be investigated. To reach the desired performance and accuracy
a new type of detector is being designed and developed.

2 Pellets and the Pellet-target-system

2.1 Why pellets?

To produce certain particle of interest one need a high energy concentration.
The energy which must be reached is given by the mass of the particle which
should be created. This energies can be provided by accelerated particles
for example electrons or as in the P̄ANDA experiment anti-protons. These
accelerated particles are then brought into collision. One possibility is, that
two opposed beams of accelerated particles are brought to collision. Another
possibility is that the beam collides with a fixed target. Inner targets are
placed inside a detector. A major problem is, that this kind of targets need
space. This decreases the measurement acceptance of the detector. There-
fore new techniques are under investigation.

At present two different techniques for the internal targets are being de-
veloped: the cluster-jet and the pellet-target. The pellet-target consists of a
stream of frozen hydrogen micro-spheres, called pellets, traversing the beam
perpendicularly. Besides the possibility of an increased luminosity, the pellet
target has other advantages compared to conventional gas or cluster target:
A reduced gas load and the possibility to place the bulky equipment needed
for hydrogen targets at a large distance of approximately 2 meters away from
the interaction region. It is possible to bring the pellets to the interaction
region via a narrow vacuum pipe. Thus disturbing materials in the detector
are avoided. This allows for detectors to be placed near the collision point
and in an almost 4π configuration.

2.2 History of the pellet-target-system

The pellet target concept has been suggested and developed at the The Sved-
berg Laboratory(TSL) at Uppsala University (UU), Sweden from the mid
80ies. Sven Kullander came up with this new concept of target system. Fur-
ther development proceeded at the CELSIUS (Cooling with ELectrons and
Storing of Ions from the Uppsala Synchrocyclotron) storage ring at TSL. The
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final pellet target system was a part of the Wide Angle Shower Apparatus
(WASA) experiment then serving the CELSIUS/WASA collaboration [2].
Both hydrogen and deuterium pellets were used. It was in regular operation
up to 2005 when CELSIUS was shut-down. The WASA detector was moved
and installed in COSY at the Forschungszentrum Jülich (FZJ) in Germany
[3]. The pellet target is again in regular operation since 2007.

In parallel to the WASA pellet-target set up a second system called,
The Uppsala Pellet-Test-Station (UPTS) was built in Uppsala in 2003. Its
purpose was to test, improve and develop new applications as the pellet
tracking system.

2.3 Technical description

The scheme of the pellet production is presented in Fig.1.

Figure 1: Scheme of the pellet-target-system: A vibrating nozzle breaks the
liquefied H2 stream into droplets. During their propagation in the VIC they
changed their phase to solid microsphears called pellets.

The production of the pellet beam is divided into four major steps. First
the pressurized hydrogen gas is cooled and liquefied. After this the liquid
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hydrogen is pressed through a nozzle. Vibrations lead the liquid jet to break
into droplets. Thereafter the droplets are injected into a vacuum chamber via
a capillary called vacuum injection capillary (VIC). During this process the
liquid droplets change their phase into solid pellets. The distance between
the nozzle outlet and the vacuum injection is typically between 5 and 8 mm
depending on how the nozzle is fixed. A piezo-electric transducer forces the
nozzle to vibrate. The rate of hydrogen droplets is dependent on the applied
frequency of the piezo element and is typically in the range between 40 and
100 kHz. Below the vacuum injection capillary observation windows are
installed to investigate the pellet beam. Photos taken of the outlet of the
nozzle and the vacuum injection capillary enables to determine the droplet
size and speed by using the applied frequency and knowledge of the two
distances between the pellets (Fig. 2).

Figure 2: Left picture: One sees pellets in the droplet chamber before their
vacuum injection. One sees that the distance between the pellets is equal
and thus the pellets have no velocity spread. Right picture: One sees pellets
after the vacuum injection. Now the pellets do not have any longer an equal
distance to each other. If one would compare two simultaneous pictures, one
would see that the distance differs with time. This is an evidence that pellets
have a spread in velocity.

The droplet chamber has a typical pressure of 20 mbar whereas the vac-
uum chamber has a pressure of 10−3 mbar. The pellets have very little spread
in velocity and in direction in the droplet chamber which becomes significant
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after the injection into the vacuum chamber. A skimmer should restrain
pellets that diverge to much from the desired path and thus collimate them.
Without skimmer the spread in the direction of the pellets at the interaction
point would be to large. However even with the use of a skimmer one can
not avoid the spread in velocity.

Below the skimmer, observation windows can be positioned. This gives
an opportunity to study the pellet stream either by video cameras or by
installing a tracking-system. The position can vary depending on the ap-
plication and experimental setup. The pellet beam is then brought via a
narrow vacuum pipe to the interaction point. At the end the pellets should
be collected in a dump to avoid a significant gas load on the vacuum system
that otherwise would constitute a spurious secondary target.

Typically the pellets after the vacuum injection are of spherical shape
with a size of ⊘ = 25-30 µm and have a velocity of about 60 m

s
. Typical

pellet rates are between 1.0-2.0·104s−1. It takes the pellets about 70 µs to
pass through an accelerator beam with 4 mm diameter.

3 Pellet tracking system

3.1 Introduction

A pellet tracking system gives the possibility to have an independent mea-
surement of the interaction vertex. This can be of particular importance for
the reconstruction of short-lived particles creating secondary particles. For
a detailed description see [4].

The final aim is to be able to reconstruct the position (3D) for pellets
that are in the ion beam region at the time of a reaction. For the P̄ANDA
experiment an accuracy of a few 100 µm in space is desired. A pellet tra-
jectory can be extrapolated to the interaction region using the knowledge of
the pellet speed and direction. With a detection accuracy of < 50 µm (xyz)
and < 1µs in time resolution one would reach the desired position accuracy
at the interaction region. Having two measuring positions (for the x and z
directions) separated with 0.2 m (in y) at a distance of 2 m from the inter-
action point, one can obtain σx = 120 µm at the interaction point requiring
12 µm for the measurement resolution. In the same way, for σy = 170 µm at
the interaction point σt = 0.15 µs is required in the time measurement for a
pellet velocity of 60 m

s
.
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3.2 Detection of the pellets, optical tracking system

In the mid 90ties studies at the pellet-target test setup at CELSIUS showed
that it is possible to detect single pellets using a laser and a photo-diode
array. Later studies show that it is also possible to detect individual pellets
by using a fast commercial line-scan (LS) camera, see [1]. The initial tests
with a single LS- camera were done first at TSL and later at FZJ. The cur-
rent development of the UPTS is focused on the application for the PANDA
experiment.

As mentioned pellets are guided to the ion beam by a narrow vacuum
pipe to allow an almost 4π coverage of the detector. This makes it impos-
sible to place any detectors for pellets in the vicinity of interaction point.
However there is the possibility to install additional detectors after the VIC
and before the dump (each at a distance of 1.5 - 2 meter from the interaction
region.) Therefore one needs the position and velocity information of the
pellets to calculate at which point and time the pellets will arrive at the ion
beam.

Two 0.4 m long sections of the pellet beam pipe are planned for lasers
and tracking detectors (Fig. 3).

Figure 3: Design idea for an upper pellet tracking section. This section
consist of four levels with LS-cameras for the measurement of the pellet
position in the x and z directions. The optimal distance between these levels
is under investigation. The results from this study will also contribute to the
decision of the final configuration.
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As mentioned, one tracking section would be placed at the VIC and one
at the dump. Each section could contain up to four levels with four ports of
glass windows. The levels can be separated by 50-100 mm. Two levels could
be used for x - position and two for z - position measurements using several
synchronized LS-cameras and Lasers.

With a LS-camera, like with ordinary cameras, one makes an exposure
and gets a picture, but with LS-cameras the picture only consist of a sub-
millimeter thin line of pixels. The model currently used at the UPTS to-
gether with focusing optics gives 512 pixels of the size of 40 x 40 µm. With
the present fastest LS-camera a maximum repetition frequency of the read
out time is around 100 kHz. This corresponds to a time resolution bin of 10µs.

The lasers are responsible for the illumination of the pellets. The cameras
are measuring the laser-light reflected/refracted by the frozen pellets. The
illumination geometry is under study but typically 90◦ and 135◦ gives good
results (Fig. 4).

Figure 4: The photograph shows the set up of the UPTS. Two (synchronized)
cameras and one laser is installed. The synchronized cameras can be used
to measure the x and z direction of passing pellets. On the right side is the
schema how the pellets get illuminated by the laser and how this light is
transmitted to the cameras. The illumination was under an angle of 135◦.
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The lasers used at UPTS use a line profile with a size of 50 µm × 15 mm
and have 50 mW of power.

The LS-camera operates with a given read out time consisting of an ex-
posure time and a dead time. During the exposure time the light is detected.
During the dead time one can’t get any position or arrival information of
the pellets. After the camera has been read out the cycle start from the
beginning with the exposure.

If a pellet passed the line of pixels a certain pixel is illuminated. It is
possible that two pellets enter at different positions along the pixel line and
illuminate the pixels. This position information could be used to distinguish
the pellets even if they arrive at the same time. If two pellets would enter at
the same time they would otherwise be detected as one. Possible improve-
ments for a better time resolution, efficiency and measurement dead time are
currently under investigation.

4 Simulation

4.1 Work description

The information returned by the pellet-tracking-system is the time and po-
sition of the passing pellets at each measuring position. To receive reliable
position information from the tracking system and to be able to reconstruct
trajectories of the pellets it is important to investigate the time distribution
in detail. The behavior of this distribution is dependent on the relative ve-
locity spread as well as on the distances of the measuring positions. The
relative spread in velocity is not well known, because it has not been possible
to measure the velocity directly. Indirect studies point to that the spread
could be a few percent in relative velocity. So far it has been unknown quan-
titatively to which extent the velocity spread influence the time distributions
of pellet signals.

The present simulation should help to study the behavior of the time
distribution and give more precise value of the velocity spread appearing in
the real experimental data. Moreover one gets a hint at which point the
distribution smears from an even and well behaving distribution over to a
stochastic distribution. The simulation studies should also show how the
measurement positions should be arranged for the highest efficiency for a
tracking system. In the end the simulated data should be compared to the
experimental situation.
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4.2 Simulation layout

This study is done by investigating the time difference between two pellets at
the same measuring position. The generation of pellets is done with a given
frequency f and velocity v. Pellets are propagating through the different
measuring positions. Compared with the experimental set up the point of
generation would correspond to the exit from the VIC. Distances for different
measuring points d are calculated from this point. For the simulation the
frequencies of 5, 7, 10, 12, 15, 17 and 20 kHz was chosen. The frequency
with which the pellets are generated appears in the later steps as time off-
sets. There is no frequency smearing included so that each pellet has the
same time offset to its next neighbors (behind and in front). The velocity for
the pellets was generated with a Gaussian distribution with the mean value
of 60 m

s
. For the generated velocity one starts with a relative velocity spread

∆v/v of 1h and proceeds with intermediate steps of 1h up to a spread of
10%. A cut off for the generated velocity range was set to 2σ. This avoids
unphysical values coming from Gaussian tails.

The following plots (Fig.5) show the velocity distribution for two velocity
spreads as used in the simulation.
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Figure 5: Example for relative velocity spreads of 1 and 5 h

The positions of the measuring points are other free parameters in the
simulation. As mentioned it is the distance from the generation point of the
pellets. In the real experimental set up detectors for the tracking system
could be placed at these positions. This should help with the final placement
of the pellet-tracking-detectors in the experimental setup. For the simula-
tions the following distances for measurement points are chosen d : 0.05, 0.1,
0.3, 0.7 and 2.7 meter. In the real set up the first mentioned points lay be-
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fore, the last one at the interaction point.

As mentioned before in the real experiment set up a spread in the hor-
izontal plane due to a small divergence of the pellet beam also appears.
Nevertheless this spread is not taken into consideration in the present simu-
lation. The position information received from the pixel line is also neglected
in the present simulation. Only the time differences of arriving pellets are
taken into consideration. The total number of pellets for each set of param-
eters values has been set to 20000.

The simulation proceeds through the following points:

1. First the value for the frequency f is set.

2. One loops over all generated velocity spreads, with ∆v/v starting at
1h and proceeding up to 10% with the given step size of 1h.

3. By using the equation of motion for a constant velocity with current
values of f and ∆v/v one evaluates the time of arrival for each mea-
suring point and for all pellets.

4. When all pellets have been evaluated for a given frequency f the whole
process is repeated for another value of f.

To calculate the correct time differences one has to think about the real
experimental situation: For pellets without any spread in velocity the orig-
inally given time offset between neighboring pellets is preserved at all later
measuring points. But the velocity spread enables for example later gener-
ated pellets to catch up with earlier generated ones if their velocity would
be larger. Therefore the time differences between pellets are not constant for
different measuring points. This means in general that pellets do not arrive
in the order of their creation. One is not able to keep track of each individ-
ual pellet. In the experimental situation the pellets may arrive at a certain
position independent of their originally generated “order” thus randomly.

Therefore one has first to sort the calculated arrival times. In this way
the simulation resembles the experimental situation. This was done for each
measuring position d (as well as f and ∆v/v) separately. For later analy-
sis only their time differences are of interest. By simply subtracting time
from pellet n+1 and pellet n one obtains the time differences at one mea-
suring position. In the following we call the collection of these results “time
distribution”.
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4.3 Evaluation of data, time distributions

4.3.1 Time of pellet propagation

The following plots Fig.6 illustrate the time a pellet need to propagate from
the point of creation to a measuring point at d = 0.3 m. Different velocity
spreads were used. This information can’t be measured in the experiment
directly and we just want to give an understanding how the velocity spread
corresponds to a spread in time.
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Figure 6: The velocity spread “leads” to a spread in the arrival times of the
pellets. The propagation time was calculated for a distance of 0.3 meter,
taking a velocity of 60 m

s
into consideration. The arrival time of a pellet with

this velocity at a distance of 0.3 meter would be 5 ms. A relative velocity
spread of 0.1% leads to a spread in the arrival time of 5 µs. For a relative
velocity spread of 0.5% the time spread is 25 µs.

14



 time [ms]∆
-1 -0.5 0 0.5 1

N
um

be
r 

of
 p

el
le

ts

0

1000

2000

3000

4000

5000

Unsorted: Distance 0.300 m   Spread 0.10 %   Frequency 20000 HzUnsorted: Distance 0.300 m   Spread 0.10 %   Frequency 20000 Hz

 time [ms]∆
-1 -0.5 0 0.5 1

N
um

be
r 

of
 p

el
le

ts

0

1000

2000

3000

4000

5000

Sorted: Distance 0.300 m   Spread 0.10 %   Frequency 20000  HzSorted: Distance 0.300 m   Spread 0.10 %   Frequency 20000  Hz

 time [ms]∆
-1 -0.5 0 0.5 1

N
um

be
r 

of
 p

el
le

ts

0

200

400

600

800

1000

Unsorted: Distance 0.300 m   Spread 0.50 %   Frequency 20000 HzUnsorted: Distance 0.300 m   Spread 0.50 %   Frequency 20000 Hz

 time [ms]∆
-1 -0.5 0 0.5 1

N
um

be
r 

of
 p

el
le

ts

0

200

400

600

800

1000

Sorted: Distance 0.300 m   Spread 0.50 %   Frequency 20000  HzSorted: Distance 0.300 m   Spread 0.50 %   Frequency 20000  Hz

 time [ms]∆
-1 -0.5 0 0.5 1

N
um

be
r 

of
 p

el
le

ts

0

100

200

300

400

500

Unsorted: Distance 0.300 m   Spread 1.00 %   Frequency 20000 HzUnsorted: Distance 0.300 m   Spread 1.00 %   Frequency 20000 Hz

 time [ms]∆
-1 -0.5 0 0.5 1

N
um

be
r 

of
 p

el
le

ts

0

200

400

600

800

1000

Sorted: Distance 0.300 m   Spread 1.00 %   Frequency 20000  HzSorted: Distance 0.300 m   Spread 1.00 %   Frequency 20000  Hz

Figure 7: Left: Unsorted time distribution for a relative velocity spread
of 1h, 5h and 1%; Right: Sorted time distribution for a relative velocity
spread of 1h, 5h and 1%

4.3.2 Unsorted, sorted time distributions

In the first set of plots, Fig. 7 - left column, the arrival times are kept un-
sorted (i.e. in order of generation) and in the second set, Fig. 7 - right
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column, sorted according to arrival times. Later for the sorted case the time
differences were calculated as described above. These plots were done for a
measuring position d = 0.3 m and a frequency f = 20 kHz.

There is no obvious difference between the two cases with very small
∆v/v. But as soon as on reaches a spread which enable pellets to catch up
with each other the behavior of the time distribution changes. This leads in
the unsorted case to negative differences in arrival time. Moreover the sorted
case represent the situation in the real experiment. As described in Section
3.2 the only information is the time difference between to arriving times of
two neighboring pellets, independent of the original order.

4.3.3 Influence of spread and distance on the distributions

The influence of the distance and the velocity spread on the time distributions
are illustrated by the following plot collections. In the first collection of plots
(Fig. 8) one sees the development of the time distribution.
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Figure 8: Time distribution at the measuring point d = 0.05, 0.3, 0.7, 2.7 m
and ∆v/v = 3%
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In this collection a relative velocity spread of 3h was chosen. With the
same spread the time differences for different measuring positions were evalu-
ated d = 0.2, 0.3, 0.7, 2.7 meter. The shape of the distribution changes with
the distance. First one has a Gaussian-shaped distribution. With increased
distance it transforms from Gaussian to an Exponential-shaped distribution.

In the next plot collection (Fig.9) the time differences are evaluated for
one measuring position d = 0.3 m. Different velocity spreads are now taken
into consideration ∆v/v = 1h, 5h, 1% and 5%.
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Figure 9: Time distribution for the relative velocity spreads of 1h, 5h, 1%
and 5% at d = 0.3 m

A small spread in velocity leads to a distribution corresponding to a
Gaussian distribution. Whereas a large spread in velocity corresponds to an
Exponential distribution. The effect is again a smearing of the distribution.

In conclusion, one can say, that large velocity spreads lead to an Exponential-
shaped distribution already for small distances. On the other hand also a
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small spread smears into an Exponential distribution. This behavior becomes
visible at large distances. Time distributions starts for small spreads/distances
as a Gaussian distribution and smears into an Exponential distribution for
large spreads/distances.

4.3.4 Method and Classification

The dependence of the time distribution on the velocity spread and on the
distance of the measuring position should be investigated in detail. It is
interesting to know, under which spread and distance the time distributions
start to transform. Therefore the following method was used:

For each single time distribution both, the Exponential and the Gaussian
fit was tried, independent if it would lead to viable results or not and the fit
quality was evaluated. Successful fits provide different parameters of interest.
For the Exponential fit one was interested in the value for the slope (s). In
case of the Gaussian this has been the value for sigma and mean of the peak
(σ, x̄). In both cases one has used the χ2 and the number degrees of freedom
(χ2, ndf) for quality control.

Four different classes of distributions are defined:

1. Pure Gaussian distribution f(x) = A · e
−(x−x̄)2

σ
2

As mentioned before this distribution is mostly found for small velocity
spreads and for small distances. The mean value x̄ has to be larger than
zero. Moreover both sides of the Gaussian tail must be visible. To fulfill
the criteria of a pure Gaussian distribution the ratio of the mean value
of the peak x̄ and σ must be larger than 3. This ensures that 99.4%
of the available time differences lay inside the range of the Gaussian
curve. An example for a pure Gaussian distribution is shown in Fig.10
on the left side.

2. Truncated Gaussian distribution
The Gaussian distribution starts to smear over into the Exponential
case. The left tail of the Gaussian vanish more and more. In the end
the Gaussian tail is truncated. To fulfill this class a distribution must
have a mean value for the peak x̄ larger than 0. The ratio x̄

σ
lays in the

range between one and three. An example for a truncated Gaussian
distribution is shown in Fig.10 on the right side.

3. Mingled case
Distributions that belongs neither to one of the first classes nor to the
Exponential case are classified here. They can fulfill some criteria but
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not in a sufficient way. For example they can look almost Exponential
or as a truncated Gaussian. Their ratio of χ2

ndf
is larger than three

and/or their ratio of x̄
σ
is smaller than one. An example for a mingled

case is shown in Fig.11 on the left side.

4. Exponential distribution f(x) = A · esx

As mentioned before this distribution is mostly found for large velocity
spreads and for large distances. The typical exponential slope (s) is

visible. To fulfill the criteria the ration of χ2

ndf
must be smaller than

three. This ensures that the fit is suitable for the current distribution.
An example for a pure Exponential distribution is shown in Fig.11 on
the right side.
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Figure 10: Fitting of a pure Gaussian distribution (left) and a truncated
Gaussian distribution (right)
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Figure 11: Fitting of a mingled (left) and a pure Exponential distribution
(right)
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4.3.5 Evaluation: Exponential distribution

First the Exponential case was evaluated. One wants to investigate the
dependence of the velocity spread for a certain measuring position and fre-
quency. Therefore one uses the values found earlier, for the exponential slope
from the fit. The slope s was plotted as a function of the velocity spread
(Fig. 12).
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Figure 12: Two examples for an uncut case. The results of the slope from
the exponential fit were plotted as a function of the frequency. Both plots
have been evaluated for a distance of 0.3 meter. On top of a frequency f =
10 kHz and at bottom f = 20 kHz was used.

One can separate the entries in the plots of Fig. 12 into two cases. Taking

20



the lower plot with f = 20 kHz as example one finds that most values are
almost constant around a value of 20.000 1

s
. Values at low velocity spread do

not follow this behavior. Thus one can find a region in the plot with a velocity
spread < 1.8% and an other region with a velocity spread > 1.8%. For small
spreads the data did not fit the Exponential distribution. These values belong
to the left region in the plot Fig. 13 -right with a velocity spread < 1.8%.
These distributions belong to other classes (as truncated Gaussian or mingled
distributions). To which classes they could belong will be investigated later.
The fitting to an Exponential was successful for distributions with a velocity
spread > 1.8%.
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Figure 13: Exponential slope with cut: χ2

ndf
< 3 (up), uncut (down).
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In Fig. 13 the plots are evaluated with the criteria mentioned above. We
identify a pure Exponential distribution if the ratio χ2

ndf
< 3.

After this procedure we get values for the velocity spread at which the
distribution is truly exponentially shaped. For a frequency of 20 kHz and a
measuring position of 0.3 m (Fig.13) the limit for the spread in velocity is
1.8%. For all other cases the limit is determined in the same way. In the end
the limit for the class of Exponential distribution is found for all distances
and frequencies.

From the slope of the Exponential one directly determine the average
intensity (as explained for example in [5] chapter 3), if the time distribution
shows a purely random behavior, i.e. is well described by the Exponential
function. This slope is − 1

〈∆t〉
, where 〈∆t〉 is the average time between suc-

cessive arrival times, which means that slope of the Exponential function is
given by the (negative) average frequency of the pellets.

4.3.6 Evaluation: Truncated Gaussian distribution

The limits for the pure Gaussian and truncated Gaussian distribution are
found in the following way:
First the ratio between x̄

σ
was evaluated. They have been plotted as a function

of the velocity spread and distance. Most important for the classification is
the range between 1 and 3 for the mentioned ratio (Fig. 14).
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Figure 14: These plots show the evaluation for the (truncated) Gaussian
distribution. x̄

σ
was plotted as a function of the generation frequency. The

interval between 1 and 3 describes the case of the truncated Gaussian and
the interval above 3 the pure Gaussian. therefore the limits.

This range allows to classify all distributions:

• All distributions with x̄
σ
> 3 are normal Gaussian distributions.
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• All distributions with x̄
σ
between 1 and 3 belong to the truncated Gaus-

sian distribution class.

• The limit for pure Exponential distributions follows from the other
evaluation before.

• All other cases are classified as mingled, i.e. those with x̄
σ
< 1 that are

not classified as Exponential distribution.

4.3.7 Results

The data from all evaluation steps can now be combined to get an overview
and understanding of the dependence of the time distributions on velocity
spread, distances and frequency. For each measuring position the data are
combined in one plot. The limits of the types of time distribution are shown
as functions of relative velocity spread ∆v/v and frequency f. The results
are collected in the following plots (Fig. 15). One can now find the described
regions and their limits. The class for the mingled cases is determined by
the boundaries of the other two classes (truncated Gaussian and Exponen-
tial distribution). As expected the Gaussian distribution is realized for small
velocity spreads and small frequencies whereas Exponential distributions are
mainly found for large velocity spreads and frequencies. As expected the
limits are not constant for different measuring positions. For large distances
the limit for the Exponential class is reached earlier (note the different scales
on the ∆v/v axis).

Also small velocity spreads lead to an exponential behavior but it needs
more (propagation) time for the pellets to reach this limit. Therefore one also
finds Exponential distributions for small velocity spreads but nevertheless one
has to measure the arrival time of the pellets at a larger distance. These plots
enables one to classify the experimentally acquired data. Moreover one can
measure the arrival time of the pellets in the experimental setup as described
in Section 3.2. One knows the measuring position and the applied frequency
for the pellet generation and thus one can estimate the velocity spread.
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Figure 15: The plots show the classification of all distributions according to
the four classes. All distributions which belong to a Exponential distribution
lay above the blue line. All distributions which belong to the mingled case
can be found between the blue and the green line. All distributions which
belong to the truncated Gaussian class lay between the red and the green line,
whereas all pure Gaussian distributions lay below the red line. One sees that
the behavior is dependent on the applied frequency. The more pellets that
are produced per unit time the faster a distribution smears from Gaussian to
Exponential behavior. The larger the distance from the creation point, the
earlier a distributions shows exponential behavior.
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5 Comparison with UPTS data

The following plot (Fig.16) shows data from a measurement at the UPTS
and gives

Figure 16: Time distribution of pellets in the experimental setup. The arrival
of the pellets was measured with an LS-camera and a frequency of 50 kHz
which leads to a time resolution of 20 µs. Events in this interval have been
sorted in bins. The exponential slope is correlated to the intensity of the
events and gives a hint on the pellet arrival frequency.

the time difference between arriving pellets at a position about 0.3 me-
ters below the VIC. The measurement was done with an LS-camera. Time
differences of the pellet arrival time were sorted to bins. In this case each
bin is equal to 20 µs.

Using the simulation results one now is able to match the experimental
results to one of the possible cases in Fig. 15 (3rd plot). From this one can
make an estimation about the frequency and the velocity spread appearing
in the real experimental setup.
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The frequency can be roughly determined from the slope of the fitted
Exponential, since the agreement with data is reasonable. On the one hand,
one can exclude, that the distribution is in the class of a truncated Gaus-
sian. On the other hand we determined that this distribution is not a pure
Exponential one. One sees, at the low time bins, that the distribution is
not fulfilling the condition. From Fig. 16 one then expects that the pellet
velocity in the experimental set up has a spread between 0.8 and 2 %.

6 Velocity measurement

A measurement of pellet signal time differences were done at the UPTS in
May 2010. The result were used to get a hint on the velocity distribution,
including the velocity spread.

Figure 17: Experimental setup in May 2010. Two sets of camera-laser sys-
tems are placed 30 cm apart and synchronized in the readout and acquisition
system.
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The set up for the measurement consists of two levels. On each level a
LS-camera and laser was placed. The first level corresponded to the exit from
the VIC and the second was positioned at a distance of 0.275 meter below
the VIC (Fig. 17). The cameras were well synchronized which means in this
case, that both cameras started at the same time with a new exposure and
readout cycle.

The arrival time of pellets was measured in both cameras. As mentioned
before the time resolution of the cameras was restricted and corresponded
to the given time of a single line scan (in this case 20 µs). Therefore the
obtained data are not continuous but ordered into discrete 20µs bins.

A priori one is not able to match a signal from a pellet in camera one to
its signal in camera two since the exact velocity of the pellets is unknown.
Therefore one takes all possible combinations for the time differences into
consideration. The correct combination gives a sharp peak in the distri-
bution, whereas random combinations results in a continuous background
visible in Fig. 18.

Figure 18: Velocity determined by experimental data. The diagram on the
left side of shows the number of entries corresponding to the time difference
between two measuring points expressed in scan-lines (20 µs bins). Right
side shows the converted time differences around the discovered peak to the
velocity taking into account the distance between the levels in the setup. A
pellet velocity of ≈ 80 m

s
with a relative velocity spread of 1% is observed.

Using the range around the main peak, the time value for the peak bin
and the distance between the two measuring points one can calculate the
velocity. This result is shown in Fig. 18 on the right side.

A clear peak of pellets correlated in time is seen at a velocity of ≈ 80
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m/s. Moreover one can measure a spread in relative velocity of about 1%.

This results is in good agreement with the studies of the arrival times
presented earlier (Chapter 4.3). One expected a spread in the range between
0.8% and 2%. A velocity spread of 1% fits well to this expectation. To fur-
ther understand the results and to evaluate the velocity and the spread one
can simulate the arrival time of the pellets according to the actual exper-
imental setup with the two-measurement levels. The time differences were
evaluated as before Fig. 19. The advantage is that one is aware of the used
parameters (as start velocity and relative spread). The matching of the sim-
ulation parameters to the experimental setup shows a good agreement with
the experimental results. (Fig. 19).

Figure 19: The time difference between two measurement levels at 0.3 meter
as found in the simulation using the velocity distribution obtained from the
measurement. The values on the x-axis correspond to 20 µs bins. The result
is in good agreement with the observed spectrum in the experiment (Fig.
18.left).
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7 Conclusion

What is measured in a pellet tracking system is time and position of pellets
at different measurement points. For a reliable position determination of the
interaction point we need to understand and study the basic measurements
in detail. This work focused on the behavior of the time distributions within
a pellet tracking system in particular the time difference between pellets at
one measurement point. The study was done for different frequencies, dis-
tances and velocity spreads with velocity set to 60 m

s
1.

We observed that the differential distribution changes from a Gaussian-
to an Exponential-like spectrum with increasing velocity spread and distance
from the generation point. The investigation enabled us to classify the dis-
tributions. We defined four different classes, according to shape, in function
of the observed variables. Using the same method we were able to obtain
also an experimental spectrum with almost pure Exponential shape.

The parameters and features extracted from a time distribution measured
at UPTS were compared to our simulation. In this way we were able to limit
the range of possible spread in relative pellet velocity to between 0.8% and
2%. Experimental studies, focused specifically on velocity determination,
confirmed this prediction.

The results of the presented simulations will be used for the further design
for the detection system in particular the geometry of the future tracking
vacuum-chamber. It is a valuable tool for finding the optimal distances of
detection points in a multi-level system.

1The velocity is another parameter in the simulation and can be easily change e.g. to

match the experimentally measured one.
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