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Abstract

This thesis is about developing a pellet-tracking system for the suggested pel-
let target in the planned PANDA detector in Darmstadt, Germany. The idea
is to determine the positions of the hydrogen pellets (micro-spheres of frozen
hydrogen) used as targets accurately using digital line-scan cameras. From the
gathered information the trajectories of individual pellets are to be calculated
so that the interaction vertex with an antiproton beam can be determined.

The first objective of this project is to determine if pellets can be seen at all
by a specific line-scan camera and if so to get out as much information about
them as possible from the pictures. A second objective is to develop software
that can analyze the pictures.

Both objectives were fulfilled and the report contains pictures of pellets, some
of their statistics, and the code to a program that is able to analyze pictures
online during experiments.
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1 Introduction

This thesis is written within the frames of the PANDA Collaboration. It is
about the development of a pellet-tracking system for a suggested pellet target
for the PANDA detector.

1.1 PANDA Collaboration

PANDA is an international project with the aim to study the strong interac-
tion, especially charm, utilizing a new particle detector at the future accelerator
facility FAIR at GSI in Darmstadt, Germany [1]. One option for the internal
target is a hydrogen pellet target. A pellet target has already been in practical
use at the WASA-experiment at TSL, Uppsala. Pellet targets will also be used
in the COSY ring and in Lanzhou, China. A fully functional prototype, called
the Pellet Test Station, exists at The Svedberg Laboratory in Uppsala.

In this context, a pellet is a micro-sphere of frozen hydrogen, which at
PANDA is expected to have a diameter of about 25 µm [2]. If used at PANDA,
the pellets will serve as targets for a beam of antiprotons from the HESR accel-
erator. One suggested advantage with pellet targets is that if the trajectories of
individual pellets can be tracked, you can calculate the point in space at which
they are hit by the antiproton beam, the interaction vertex. This is especially
useful when studying such particles that are created from the interaction but
themselves decay after a short time at another point nearby, e.g. particles with
charm quarks. In this case, the other detectors sees the decay point, not the
original interaction vertex. If, with the help of a pellet-tracking system, also
the interaction vertex is found, additional information can be gained about the
process and an effective trigger can be installed.

Of course, the development of a tracking system for the pellets used in
pellet targets, or just the technique of photographing them with a single line-
scan camera, may have a value in experiments other than than those planned
at PANDA.

1.2 Suggested Tracking System

If a moving pellet is assumed to follow a straight line, and its position is known
at two points on this line, its trajectory between these points can be calculated
by interpolation. The idea about how to find the interaction point is to use
four cameras pairwise, two above it and two below, to find x and y positions of
the pellet at two points and then interpolate. If the time which it takes for the
pellet to go between the two points is noted down, the speed of the pellet and its
position at every moment can also be calculated. Then you can compare with
the time calculated from measurements by the detectors and calculate where
the reaction happened.

To light up the pellets in order to make them visible for the cameras, lasers
can be used. If you have only one camera, the laser can be placed e.g. at an
angle of 90◦ relative to it, but if you place two cameras at 90◦ from each other
to get both the x- and y-coordinates, the placement of the laser is a problem.
You don’t want the laser to shine directly into a camera because that would
cause damage to it. If you want to place the laser opposite to the camera, one
solution to this is to use a kind of optical collimator that only lets through light
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that is reflected from the pellets [6]. This technique is used in a pellet counter
at The Svedberg Laboratory.

Figure 1: To find the x- and y-coordinates of a pellet, two perpendicular cameras
can be used. The pellets are lit by lasers so that they become visible for the
cameras.

For the system to work, software is also needed to control the cameras.
If they are acquired to take pictures continuously they quickly collect a huge
amount of data. It would be unrealistic to save all this data, so some selection
need to be done automatically while the experiment is running. A solution
to this problem is to use a program that can analyze the pictures while the
experiment is running and only save interesting information, e.g. the coordinates
of pellets in the pictures, while the pictures themselves are discarded.

This project is about testing one specific line-scan camera. The first objec-
tive is to see if pellets can be seen at all by this camera and if so to get out as
much information about them as possible from the pictures. A second objective
is to develop a computer program that can analyze pictures from the camera
online during experiments.

2 Experimental Equipment

2.1 Line-Scan Camera

The camera used was of the model AVIIVA M2 CL0514. When bought, it
was claimed to be the fastest line-scan camera available on the market, with a
readout of 98 kHz. According to our own measurements the real frequency of
the specific camera used is slightly lower, 90.909 kHz (see 5.1.2), i.e. it takes
90909 pictures every second. This can alternatively be expressed by saying that
the camera has a period time of 11 µs.
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Figure 2: The line-scan camera used, with the lens and the 17 mm extension.

In addition to the camera, a so called frame grabber is needed; a PC card
that has to be installed in the computer, much like a graphics card. The PC
card used was mvTITAN-CL. This card is controlled by a drive rutin, which
can be updated on the web page of MatrixVision. The driver used during this
project had the version number 1.5.27.48.

A picture taken with the line-scan camera is not 2-D in the ordinary sense.
Rather, it only scans one line at a time. When the lines are put together you
get a 2-dimensional picture where the x-axis represents space and the y-axis
represents time. Note also that the origin is in the top left corner, so that the
y-axis points downward in the picture. This is common in image analysis.

Each (horizontal) line consists of 512 pixels, each of which gets its input
from a square light sensor with a width of 14 µm [3]. With a frequency of
90.909 kHz one line corresponds to 11 µs in the y-direction. Standard pictures
have a height of 5024 such lines, but this is variable. The height can be varied
within an interval of 1 to 34488 lines. Dark background is represented by a pixel
value of 8. The highest possible brightness is 256, which represents very intense
light.

The pictures taken are very clean from noise. When taking a photo in a
dark place, all pixels have a value of 7 or 8.1 Thus it is feasible to distinguish
pellets from background noise. On the other hand, you can not see variations
of the background light intensity that are too weak to reach an intensity of 9
in the picture. This might have some effect on the resulting picture when light
from pellets are added. If you don’t know the background, you can’t subtract
it from the picture.

A lens with a focal length of 50 mm was used. Between the camera and
the lens an extension of 17mm was added and it was used during all tests and
experiments. When the camera is focused for photographing objects that are

1Except near the left edge of the picture where there always was noise in the form of a
vertical line of bright pixels.
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as close as possible, another 3 mm is added to this so that the distance between
the lens and the sensor is 70 mm. From this the magnification can be calculated
with the formula

m =
f

d− f
=

d′ − f

f
, (1)

where f is the focal length of the lens, d is the distance between the lens and
the object, and d’ is the distance between the lens and the sensor. The answer
is m = 0.4, which means that the projection on the sensor becomes about 40%
of the size of the photographed object. Thus, one pixel in the picture represents
35 µm in reality. With this focus, the distance at which the picture is sharpest
is d = 175mm.

Besides the focal length f, a lens has a f-number n. This is the focal length
divided by the diameter a of the aperture,

n =
f

a
. (2)

The lens used has a variable aperture. When fully opened it has the f-number
n = 1.4. Making the aperture smaller has the effect of increasing the depth of
sharpness, but also reduces the total amount of light that enters the camera.

2.2 Pellet Simulator

Hydrogen pellets can be simulated with the so called pellet simulator [11]. This
is essentially a rotating disc on whose edge is fastened a thin metal wire, pointing
outwards. The rotation is created by an electric motor. The wire has a diameter
of 30µm, slightly less than expected of the hydrogen pellets created in the Pellet
Test Station, and is supported by a thicker metal wire that is bent to the form
of a rectangle.

Figure 3: The pellet simulator. Pellets are simulated with a thin metal wire
fastened to a rotating disc. This wire is supported by a thicker wire, bent to a
rectangular shape.
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To make the wire visible in the pictures it is lit by a laser. This is placed so
that its light is in a vertical plane, while the camera scans lines in a horizontal
plane. The intersection point of the two planes is about 8 cm from the center
of the rotating disc. The camera was placed so that the angle between it and
the laser was about 45◦ and the distance from the camera lens to the place
where the wire passes was about 17.5 cm. When the wire passes in front of the
camera at the intersection point of the two planes, it shines light into the camera
and this is supposed to be registered as a bright spot in the picture. Besides
this, reflections from the supporting wire are supposed to be seen in the picture
as brighter spots before and after the reflection of the main wire. To reduce
background light, the entire setup was placed in a dark box.

The pellet simulator has a variable frequency of 3 to 30 Hz. The frequency
setting was not changed during the experiments, though. In one test it was
measured to 14 Hz (see 5.2). At this frequency, the metal wire moves with a
speed of about 7m/s.

Two differences compared to real pellets is that the wire is made of metal
which makes it reflect more light than is expected from frozen hydrogen and
that it has a lower speed and thus shines light into the camera during a longer
time. Thus, pellets are expected to be more difficult to photograph than the
metal wire.

2.3 Pellet Test Station at The Svedberg Laboratory

At The Svedberg Laboratory, a complete pellet-target system has been built, so
that realistic tests with hydrogen micro-spheres can be carried out. It is largely
a copy of the system used during the WASA-experiment. The only thing missing
is a beam of e.g. anti-protons to hit the targets with. The system is called the
Pellet Test Station, the Pellet-Target System or, in shorthand, PTS.
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Figure 4: Sketch of the Pellet Test Station. Cameras can be placed at four
chambers, each of which has four windows.

The pellets are formed from droplets of liquid hydrogen that freeze to pellets
when injected into vacuum. On its path, the droplet/pellet beam passes through
four chambers. These are the droplet formation chamber, the vacuum injection
chamber, the skimmer chamber, and the interaction chamber. Each of these
chambers have four glass windows through which the beam can be observed.
This is primarily done with the help of cameras and video cameras.

The line-scan camera was tested at all chambers except the skimmer cham-
ber. To light up the droplets or pellets so that they could be seen by the camera
a laser was used. This was the same laser that was used with the pellet simu-
lator. In all tests at the Pellet Test Station the laser was placed at an angle of
90◦ from the camera.

2.3.1 Droplet Formation Chamber

Droplets are formed from a jet of liquid hydrogen in the droplet formation
chamber. This jet comes out through a nozzle above, is broken up into a train
of droplets, and the droplets go through a glass capillary at the bottom of the
chamber. The nozzle used during the tests described in this report had an inner
diameter of 17 µm.

The droplets have a speed of about 25 m/s. They are created by acoustic
vibrations with a variable frequency. During our tests it was set to about 70 kHz.
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Because the droplets are created with a fixed rate they become equidistant.
The vibrations comes from a frequency generator and are applied to a crystal

attached to the nozzle holder. The same frequency generator is also connected
to a lamp consisting of three diodes, making up a stroboscope. Because the
stroboscope has the same frequency as the droplets, an illusion is created. If you
look at the train of droplets with a video camera, you think you see individual
droplets hanging motionless in the air.

Figure 5: Droplets are formed in the droplet formation chamber from a jet of
liquid hydrogen. The jet comes out from a nozzle and at the bottom of the
chamber the droplets go through a glass capillary. The picture is taken with
the help of a stroboscope.

2.3.2 Vacuum Injection Chamber

This chamber is located below the droplet formation chamber. Through four
round windows, the end of the thin glass capillary that connects the two cham-
bers can be seen, going down to the middle of the vacuum injection chamber.
This is called the vacuum injection capillary and the one used during the tests
described in this report had an inner diameter of 0.8 mm, shrinking to 0.6 mm
at its end.

The droplets freeze into pellets when they come out into the lower pressure
of this chamber. This happens in the capillary or shortly after the droplets have
left it [4]. During this process some droplets are lost. Also, the resulting pellets
are not equidistant.

The pellets have a diameter of about 45µm according to measurements on
photographs from an ordinary digital camera. Thus a normal pellet may have a
diameter that is broader than one pixel on pictures from the line-scan camera.

In the vertical dimension it is a bit different. To be seen on two lines, the
pellet must be slow enough to be registered by the camera sensor during two
consecutive scans. The camera sensor has a height of 14 µm. When taking into
account the magnification of 40%, this represents a distance of 35µm at the
position where the droplets pass in front of the camera sensor. With a pellet
diameter of 45 µm this means that to fully pass in front of the sensor, a pellet
must travel 80 µm. The pellets have a speed of about 50 m/s so it would take
a pellet 1.6 µs to completely pass the area scanned by the camera, about 15%
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of the camera period time of 11µs. Furthermore, the reflected light from the
pellet can be expected to be uneven, with a maximum when all of it is inside the
scanned area but weaker when only a part of the pellet is in the area, reducing
the time when the pellet is seen. Only a few pellets can thus be expected to be
seen on more than one horizontal line.

2.3.3 Skimmer Chamber

After the vacuum injection the pellet beam tend to spread out more and more
the further it travels. To make it more well-defined, a skimmer has been inserted
to take away pellets that stray too much from the desired trajectory. This
skimmer is a cone with an entrance at the top. The entrance has a diameter of
0.59mm and is situated 0.7m below the vacuum injection capillary [2]. Some
pellets enter through the skimmer while the ones that are not in line bounce off
the cone. Only about 20% of the pellets are expected to pass the skimmer and
continue into the interaction chamber.

The skimmer chamber has four windows, just like the other chambers, but it
would not be very interesting to place the line-scan camera here because most
of the pellets seen would be lost soon afterwards anyway. Pictures from this
chamber would also contain many pellets that are flying around after bouncing
off the skimmer. On the other hand it is suitable to place a video camera at
this chamber so that you can see whether the pellet beam is on the entrance on
top of the skimmer. Otherwise, the beam may need to be adjusted.

2.3.4 Interaction Chamber

The interaction chamber is the place where, in principle, the pellet beam is
supposed to meet the beam of anti-protons and the reactions are to take place.
This point is situated 2.16 m below the vacuum injection. But at the Pellet Test
Station there is no beam of anti-protons, just the train of pellets.

The windows used for observing pellets in the chamber are situated under
the interaction point. There is no window just above the interaction point, so
it is (currently) not possible to carry out a full test with four line-scan cameras
to test the suggested pellet-tracking system at the Pellet Test Station.

Above the interaction chamber there is a valve that can be closed so that no
pellets can pass into the chamber.

As mentioned above, the pellet beam is not stable but shifts position over
the skimmer. Because the skimmer only lets through so few pellets, a small
change in beam position makes a significant difference in pellet rate in the in-
teraction chamber. When photographing here, the pellet beam must sometimes
be adjusted so that the rate is maximized.

3 Commercial Software

To take pictures with the line-scan camera and to analyze them a range of
commercial programs was used.

10



3.1 mvAcquireControl

This is a basic program for taking pictures with the line-scan camera. It con-
trols the frame grabber, the PC card which in turn controls the camera, and
receives the pictures taken. mvAcquireControl is not usually started alone but
is reached from within other programs, e.g. mvImpact-Go!, mvConfig or user
written programs.

Besides initializing the frame grabber, mvAcquireControl can be used to take
single snapshots or to start live video acquisition. From mvAcquireControl a
lot of settings can be changed, e.g. picture size, integration time, trigger mode,
shutter time, and exposure time [7].

3.2 mvImpact-Go!

For a beginner, this may be the best program to start first. It is an advanced
program that uses mvAcquireControl but provides a better user interface and
some picture processing capabilities. At startup it initializes the frame grabber
via mvAcquireControl as well, even though this is not seen directly on the screen.
Thus the user don’t need to do that.

If you want to take single snapshots for later use this is a good program
because of the possibility to automatically change the luminance, contrast, and
gamma of the pictures so that it is more easy to see weakly lighted objects, e.g.
hydrogen pellets. Some of the pictures in this report are taken with mvImpact-
Go!

3.3 CommCam

CommCam is a program for the camera, which works only if the frame grabber
is already initialized by mvAcquireControl. Throughout our tests the function
in CommCam that was used the most is the possibility to switch between real
pictures from the camera and a test image with stripes in a grey scale. The
program can also be used to change some settings like output format, gain, and
offset.

3.4 mvAcquireControl SDK

The principal software development kit for writing programs for the frame grab-
ber in C++ is called mvAcquireControl SDK. It contains over 300 different
functions, many of which can be used to change settings in mvAcquireControl
[9]. We tested many of the functions and they seem to work fine. Many of the
functions in our pellet counting program are taken from this kit.

The most important functions are Snap, Record, Live, and SnapAsync. Snap
orders the camera to take a single snapshot. Record takes up to 25 snapshots
in a sequence, apparently without any gap between them. Live orders the
camera to take snapshots continuously and show them on the screen as a movie.
SnapAsync can be used asynchronously in the sense that after it orders the
camera to take a snapshot the program can do other things while it waits for
the camera to return the result. Thus precious time is saved and performance
can be optimized.

One interesting possibility is that a program can be written that immediately
analyzes snapshots taken, finds the position of pellets in them and writes these
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to a file while the experiment is running. It was found out that SnapAsync is the
most suitable function for this purpose, while the other functions had critical
drawbacks.

To begin with, the function Snap is good if you just want to take one picture,
but it is not sufficient if you want to take pictures continuously. It is possible
to order the camera to take pictures repeatedly with Snap by using a for-loop
in the program, for example, but then there is always a time gap between those
snapshots so that the sequence is not really continuous.

The Live function was found to be continuous, but turned out to be useless
anyway. When tested in a pellet counting program the result was often that
the same picture was analyzed two times in a row. The problem might be that
the live graphics slows the program down so much that it can’t handle all the
pictures taken by the camera. As a consequence, the output is highly erroneous.

In contrast to this, the reliability is more or less perfect when using Record,
but this function has the limitation that you can take at most 25 pictures in a
row, which takes 3.1 s if the picture height is set to 5024 lines. After this, the
function must be called again. It was found that if this is done, there is a delay
of 0.39 s before the new recording is started. Obviously Record will miss many
pellets during this time gap.

It was decided that the function SnapAsync would be used in the pellet
counting program. The function Record also came to some use whenever we
needed to take a sequence of pictures to cover a longer time span than is possible
in a single snapshot.

3.5 Other Software

mvAcquireControl SDK is the successor of the older variant mv SDK, which
has fewer functions and is more difficult to use [8]. Another bunch of C++
functions that can be used for picture analysis is mvImpact. These functions
are made for more advanced picture analysis, though, and were not needed for
our purposes.

After the experiments, the program MATLAB was used as a tool to analyze
pictures and the files created by the pellet counting program. All diagrams in
this report are made with MATLAB.

4 Pellet Counting Program

For taking single pictures with the line-scan camera a program like mvImpact-
Go! is sufficient but if you want to take pictures continuously and analyze them
online you have to write your own program. We have constructed such a program
and baptized it PelletCounter. It has been tested both on a computer screen
and on real pellets at the Pellet Test Station and seems to work as intended (see
5.3 and 5.5.3). The code to the program program is attached to this report in
appendix B.

The code to PelletCounter consists of three parts. These are the files Pellet-
Counter.cpp, analysis.h, and analysis.cpp. To compile it, you also need the files
mvImage.lib, acqctrl.h, acqctrl.cpp, grabber.h, StdAfx.h, and StdAfx.cpp that
are included with mvAcquireControl SDK. Thus it is not possible to compile
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the code in appendix B if you dont also have mvAcquireControl SDK, or those
files at least.

4.1 Taking pictures

The main part of the program is in the file PelletCounter.cpp. It is from here
that other functions are called. The program is based on the function SnapAsync
from mvAcquireControl SDK. By calling this function, the program orders the
camera to take one picture. These requests are put in a queue so that the
camera is always busy and takes pictures continuously. When a picture is taken
and ready, it is analyzed with the function CalculateImage, after the program
has put another request in the queue to the camera. This system allows the
program and the camera to work independently, which makes the process very
efficient.

The output from the program comes in two ways. The most important is a
file in the format txt that contains columns for pellet number, picture number,
y-position, x-position, pellet size, and pellet brightness. As a complement to
this file, the program also saves the first few pictures. These pictures can be
used to control if the saved data in the beginning of the file file is correct.

The function for saving pictures is a rewritten function from a demo pro-
gram that was included with mvAcquireControl SDK. The function is called
SaveImage and is also in the file PelletCounter.cpp. The picture files created by
the function are very large, 2.5Mb each. When considering that about 18 such
pictures are taken every second that means 45 Mb memory would be needed for
every second or 2.7 Gb for every minute that the experiment is running if all
pictures would be saved. This explains the need to analyze the pictures online
so that most of the pictures can be discarded and only the information about
the pellets saved.

4.2 Analyzing Pictures

The actual picture analysis is carried out by a function called CalculateImage in
the file analysis.cpp. For every picture, this function runs through all the pixels
in the area set by the user to find bright spots, i.e. pixels in the picture that
have a greater value than the background value of 8. For every spot (pellet) it
finds it and notes down the picture number, its position in the picture, its size,
and its total brightness. These values are stored in a multidimensional array
which contains information from all the pictures. The array is written to a file
before the program ends by the function SaveToFile, which is also in the file
analyzis.cpp.

When the program was tested on a computer screen, another version of
CalculateImage was used that was specially made to count flashes. Otherwise
the program was essentially the same.

Analyzing is a time-consuming process and slows the program down. It
was found that to make it sufficiently fast, the width of searching had to be
confined to less than 125 pixels out of the total of 512 pixels in the pictures.
This is no problem because the pellet beam is more narrow than this, even in the
interaction chamber. You just have to look at pictures taken with mvImpact-
Go! and set the program to analyze the part of the picture where the pellet
beam appears.
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4.3 Loading Pictures

Pictures saved by the program PelletCounter are in a format called ”raw”. This
kind of files can be opened in mvImpact-Go!, where they can be studied or saved
to other formats so that they can be analyzed later with e.g. MATLAB.

Another way of analyzing saved pictures in the raw-format is to open them
with a user-written program. PelletCounter can easily be rewritten for this
purpose. One reason why you want to do this can be that you want to test
PelletCounter with an old picture. Another reason can be that you want to
analyze the picture with a user-written program instead of using MATLAB.

mvAcquireControl SDK does not contain any function for loading raw-files,
so we had to write one by ourselves.

5 Experiments

5.1 Line Frequency of the Camera

5.1.1 Measured From a Photograph of a Computer Screen

An ordinary computer monitor does not emit light all the time. Instead, it
sends out short flashes of light at a fixed frequency of e.g. 60 or 85 Hz. This
is so fast that a human can not see singular flashes but perceives the light as
continuous. For a line-scan camera with a frequency of up to 98 kHz things are
very different. When a computer screen is photographed with such a camera
the flashes are seen as thin, bright, horizontal lines in the picture. We used this
to estimate the frequency of the camera.

Figure 6: A flash from a computer monitor is seen as a bright line when pho-
tographed with the line-scan camera. Under the flash, a faint afterglow is seen.
The time axis points downward.

In this simple experiment, the camera was placed so that the lens was at a
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distance of about 16.3 cm from the glass window of a computer monitor2. This
distance was chosen because it gave the best focus, i.e. so that the lines in the
picture were as thin and bright as possible. Also, the screen was placed so that
it was parallel to the camera lens. To get maximal brightness, a white area on
the screen was chosen as the object to be photographed.

The software used was mvImpact-Go! and the picture height was set to its
maximum, 34488 lines. Two pictures were taken with different monitor frequen-
cies; 60 Hz and 85 Hz. In the pictures, the distances between the horizontal lines
caused by light flashes were measured in the middle of the pictures, at x = 256.
A flash was considered to begin when a pixel value of 10 was reached at x = 256.
This is to be compared with a pixel value of 8 if it is completely dark.

When the frequency of the screen was set to 60 Hz, the mean distance be-
tween flashes was 1516± 1 lines. This corresponds to a camera frequency of
90942Hz (lines per second). Note that the variation in distance between flashes
was very small, which indicates a high stability. In the second picture, the dis-
tance is 1073 ± 1 lines. Thus the line frequency of the camera was calculated to
91171Hz, considering that the monitor frequency was set to 85Hz this time. Of
course, the frequency of the monitor was probably not exactly 60Hz or 85 Hz.

5.1.2 Measured With a Stroboscope

A more precise way to measure the camera frequency is to use a stroboscope
with a stable frequency. In this case we used light emitting diodes, powered by
a frequency generator with a user-controlled frequency.3 Before the experiment,
the reliability of the frequency generator was controlled with a frequency meter.
The measured frequency was very close to the frequency that the generator was
set to.4 Because of the great agreement among the two we concluded that both
seems to be reliable to a very high degree.

During this experiment, the camera was placed together with the diodes in
a dark box and pictures of the diodes were taken, using the program mvImpact-
Go! The picture height was set to its maximum; 34488 lines.

If the camera scans a line while the diodes are lit, a bright stripe appears in
the picture, otherwise the line is black (compare with fig. 6). If the stroboscope
is given a frequency close to that of the camera, most lines in the picture have
bright stripes, so that large bright areas are formed. But the camera is not
accepting light all of the time. Between every scan there is a short time when
the camera is not accepting any light. Thus some diode flashes are missed and
some additional dark stripes appear in the picture. When the frequencies are
very close to each other, several flashes in a row can be missed because of this,
and then a large dark area is formed in the picture. The closer the frequencies
are, the larger the bright and dark areas get, but the dark areas are always much
smaller than the bright ones. If the stroboscope and the camera have exactly
the same frequency, all of the picture is either bright or dark. Also, when very

2This does not give the precise distance from the light source to the camera because the
light from the monitor is not actually emitted from the glass window but from a screen, about
0.5 to 1 cm behind the glass window.

3This frequency generator was the same that is used in the Pellet Test Station to create
vibrations so that droplets are formed with a certain frequency.

4E.g. when the frequency generator was set to 83000.000Hz the frequency meter showed
83000.035Hz.
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close to the camera frequency, the borders between bright and dark areas are
very diffuse.

Figure 7: When the frequency of the stroboscope is close to the camera fre-
quency, large bright areas appear, with large dark gaps between them. The
borders between bright and dark areas are very diffuse.

To find the camera frequency, a series of pictures was taken at different
frequencies until a frequency was found at which the size of bright areas was
maximized. This frequency was (90.909 ± 0.001) kHz. At this frequency the
areas were enormously large; each area seemed to last for several seconds. Later
measurements confirmed the value of the camera frequency and showed that it
is stable. This frequency is used as a constant in calculations throughout this
report.

5.1.3 Active time percentage

The scanning of a line is not immediate. Instead, light is recorded and integrated
during a time period, shorter than 11 µs, the period time of the camera. Between
such scans there is a expected to be a short time span when the camera is not
scanning for light. During this time there might be a possibility that a pellet is
missed. This makes it interesting to calculate how long that time span is.

The time gap between camera scans was examined with the help of the
stroboscope. The setup was the same as when the line frequency of the camera
was measured. When the stroboscope has about the same (but not exactly the
same) frequency as the camera, the pictures contain large bright or dark areas.
When the frequency is increased (and thus the time between flashes decreased),
the dark areas become smaller and at some point disappear. This is because if
the frequency is large enough, all scans will contain at least one flash and thus
there are no dark lines in the picture. If the frequency is high enough, some
scans may even contain more than one flash, which results in an extra-bright
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line in the picture. The idea is to begin at the frequency of the camera and
increase the stroboscope frequency until you find the frequency at which the
dark lines disappear and some extra-bright lines appear. At this frequency, an
extra-bright line means that there is one flash in the beginning of a scan and
one in the end. Thus, the time the scan takes can be measured and the time
gap between scans calculated.

Camera

active

Camera

passive

Flash Bright lineDark line Extra-bright line

Figure 8: After each scan, the line-scan camera is passive for a short time and is
not recording light. The camera frequency and the active time percentage were
measured with the help of a stroboscope. When no stroboscope flash occurs
during a scan, the corresponding line in the picture is black. When there is one
flash, the line is bright, and when there is more than one flash, the line is extra-
bright. The figure shows three cases: In the first, the stroboscope frequency is
lower than the camera frequency, in the second, the stroboscope frequency is
slightly higher, and in the third, it is much higher than the camera frequency.

Beginning at a stroboscope frequency of 90.909 kHz and increasing it, we
found that the dark lines disappeared and extra-bright lines appeared at a fre-
quency of 94.075± 15 kHz. From this, the active time percentage was calculated
to

a =
tactive

Ttotal
=

fcamera

factive
= 96.63% (3)

If the active time percentage is 96.63%, the time when the camera is not
scanning is 3.37% of the period time, i.e. 0.37 µs. We have seen that the time
it takes for a pellet to pass the scanned area is 1.6 µs, which is larger than this
(see 2.3.2). On the other hand, the reflection can be expected to be uneven in
time, so in some cases it is possible that a pellet is missed because of the time
gap if it is most visible just when the camera is not scanning.

The electrical pulse through the diodes of the stroboscope was examined
with an oscilloscope. It was found that it has two parts. First there is a
peak with a length of 65 ns followed by a smaller, negative, peak of 40 ns. We
considered the pulse length to be 100 ns. Had the pulse been shorter, it would
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have been easy to determine whether it comes during the active or passive time
span during the camera time period. But now it sometimes is stretched over
the border of an active and a passive span, so some lines that should be dark
are not completely dark and and some lines that should be extra-bright are only
slightly brighter than normal bright lines. These complications made it difficult
to find the exact frequency at which dark lines disappear and extra-bright lines
appear and explains the uncertainty of ±15 in the frequency above.

5.2 Frequency of the Pellet Simulator

The metal wire in the pellet simulator has a diameter of about 30µm, which is
similar to the diameter of a hydrogen pellet, and it moves at a speed of about
7m/s. A preliminary task was to see if reflections from this wire can be seen
by the camera. This has also been done before [10]. Not only did the camera
catch the reflections, but the resulting spots are very bright. The strongest light
intensity found is represented by a value of 83 in the pixel where it appears in
the picture. Real pellets are supposed to be less luminous. Besides the reflection
from the metal wire, reflections from the supporting wire are seen, as expected.

Figure 9: Reflections from the wires of the pellet simulator are seen as bright
spots in pictures from the line-scan camera. The spot in the middle comes from
a metal wire with a diameter of 30µm while the two accompanying spots are
from the supporting wire.

One measurement was done with the purpose to find the rotational frequency
of the pellet simulator. The reason why this was interesting to us was that we
wanted something to compare with when testing the pellet counting program
on the pellet simulator.

The method used is similar to the one used when measuring the frequency
of the camera with the help of a computer screen. A snapshot with a height of
15024 lines was taken. In this snapshot the distance between two subsequent
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reflections from the metal wire was measured and found to be 6475 lines. With
a camera line frequency of 90.909 kHz this corresponds to a frequency of the
pellet simulator of 14 Hz.

Some additional pictures were taken and in those the distances between
reflections came within an interval of 6500-6700 lines. The rotational speed
of the pellet simulator was not constant but seems to slowly increase during
operation.

Of course, the process of measuring the frequency of the pellet simulator
must be repeated when you want to test a pellet counting program, so that the
frequency you compare with is as good as possible.

Another idea was to test the pellet simulator with a PM-tube connected to
an oscilloscope. The frequency given by the oscilloscope was not stable, but at
least it was of the same magnitude as the one given by other tests. Reflections
from the metal wire could be seen as a peak on the screen of the oscilloscope,
surrounded by the stronger reflections from the supporting wire (See fig. 10.).
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Figure 10: Reflections from the wires of the pellet simulator depicted by an
oscilloscope which was connected to a PM-tube. The peak in the middle comes
from the metal wire with diameter 30 µm.

5.3 Testing the Pellet Counting Program on a Computer
Screen

Many tests were carried out to verify the accuracy of the pellet counting pro-
gram. Some functions from mvAcquireControl SDK were tested as well. It was
found out that it was a good idea to use a computer screen during these tests.

As mentioned earlier, a computer screen emits light in short flashes that
appear as bright horizontal lines in the snapshots taken by the line-scan camera
(see 5.1.1). When the frequency of the monitor is set to 85 Hz, the distance
between two such flashes is about 1073 lines. Actually the distance is very
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stable and is almost always either 1072 or 1073 lines or sometimes one line more
or less. This can be used to test the pellet counting program.

The same setup was used as when the line frequency of the camera was
measured. But now the pictures were not taken by hand but through a version
of the program PelletCounter, which was slightly rewritten to count flashes
instead of pellets, i.e. it counted the flashes, noted down the lines at which they
appeared, and the distance between every flash.

A snapshot with a height of 5024 lines will contain four or five flashes of light
from the monitor. The interesting thing in this test is the distance between the
last flash in one picture and the first flash in the next picture. If there is a gap
so that lines are lost between two pictures this distance will be something else
than 1072 or 1073 lines.

A first test was to compare the output file from PelletCounter with the
pictures saved by the same program. This gave a perfect fit, showing that the
program does indeed analyze the pictures correctly; at least those of the pictures
taken that were saved.

A second test was made to prove that there is no gap between snapshots when
using PelletCounter. When rewritten to count flashes, the resulting output file
always gives a distance of 1072, 1073 or one line more or less than this between
the flashes. This holds even when one flash is on one picture and the next is on
another picture. This is evidence that the program does indeed analyze pictures
continuously, at least down to a margin of about one line.

Another test was carried out to try if the function Record is also continuous.
In this test the function Record was substituted for SnapAsync in the program.
The result was the same as when SnapAsync was used, i.e. there is no gap
between pictures in a sequence when using Record.5

Note that the numbers 1072 or 1073 lines have come out during many tests
where the user-written programs counted the lines. Both the frequency of the
monitor and of the camera thus seems to be quite stable over time.

During the development of the pellet counting program, it was also tried on
the pellet simulator, with some success. The program could find the reflections
from the thin wire in the pictures and also gave a reasonable value of the fre-
quency of the pellet simulator. The computer screen is superior when making
such tests, though, because it has a higher and more stable frequency.

5.4 Photographing a Strand of Hair in the Observation
House

As a preparation before photographing droplets and pellets, photographs were
taken in the observation house, which normally contains both the droplet for-
mation chamber and the vacuum injection chamber, at a time when the house
was not fitted to the Pellet Test Station. Thus it did not contain any droplets.
Instead a strand of hair was used.

The objectives for the test was to try out a holder for the camera, to find
the distance at which pictures are sharp, and to see if the camera was sensitive
enough to see the strand of hair, which was supposed to make a more faint
reflection than the metal wire of the pellet simulator.

5It was with this method that it was discovered that the functions Snap and Live were not
adequate for the pellet counting program.
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The observation house is essentially a metal pipe with an inner diameter of
10 cm, with eight round glass windows. The camera was placed at one window
and the laser at another, with an angle of 90◦ between them. A long strand of
hair was hung in a vertical position in the center of the chamber, with a weight
at its end so that it was stretched. The laser was tilted so that its beam was in
a horizontal plane. Thus it lit only a point on the strand of hair.

When the camera lens was set to its closest range, the distance between
the strand of hair and the camera lens at which the pictures were sharpest was
about 17.3 cm, as expected (see 2.1). In the best photos taken, the lit point
of the strand of hair was clearly visible as a sharp vertical line, 8 pixels wide.
There is a great difference in brightness between different vertical lines so its
is not clear from the picture how to calculate the hair thickness. If all 8 pixels
are used, the hair thickness is 280 µm, while it is only 105 µm if only the three
brightest lines are used.

Figure 11: A bright spot on a strand of hair photographed with the line-scan
camera. Because the spot is motionless, it takes the form of a vertical line in
the picture. Each pixel represents 35 µm.

The highest pixel value found in a picture of the strand of hair is 56, which is
large compared to the background of 8. The strand of hair is generally brighter
than the metal wire, when comparing pictures of them.

5.5 Photographing Hydrogen Droplets and Pellets

The most important tests of the line-scan camera and the pellet counting pro-
gram were carried out at the Pellet Test Station in The Svedberg Laboratory.
Several series of pictures were taken at the droplet formation chamber, the vac-
uum injection chamber and the interaction chamber, while the test station was
in operation. The primary objective was to see if droplets and pellets can be
seen at all by the camera and if the camera is of any use as a diagnostics tool.

5.5.1 Droplets in the Droplet Formation Chamber

For this experiment, the camera was placed at one of the four windows of the
droplet formation chamber and the laser at another window, at an angle of 90◦
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relative to the camera. Also, a video camera was placed at the window opposite
to the line-scan camera. This video camera was connected to a monitor on
which the nozzle, the capillary and the string of droplets could be seen.

The line-scan camera was placed so that the lens was 17.4 cm from the center
of the droplet formation chamber. Only the position in height was varied.
Maybe the camera was not perfectly focused. It was placed in a rigid holder
that did not allow an easy way to change focus.

The frequency of droplet formation was set to 71.795 kHz. This is close to
the line frequency of the camera, so we expected that it would be difficult to
distinguish the droplets from each other in the pictures.

A series of photographs was taken with mvImpact-Go! and something that
looked like droplets was seen. To make sure that it was droplets and nothing
else a series of pictures was taken from different vertical positions of the camera,
including pictures showing the capillary. This was achieved by adjusting the
height of the camera with a screw that had a precision of 10µm. The droplet
reflections appeared in the pictures when the camera was in the position where
they were expected to be seen, about 8 mm under the nozzle.

The reflections came in a narrow string, about 5 pixels wide. Many of them
were larger than one pixel, up to 5 pixels broad. Anyway, because of the high
frequency there is not much space between droplets in the pictures. Rather the
string of droplets look like an uneven line with maxima and minima and some
gaps here and there. It is impossible to distinguish individual droplets. The
luminosity of the droplets in the pictures lies in the range of 9 to 23, where 8
corresponds to complete darkness.

Figure 12: Droplets photographed with the line-scan camera. They come with
such a high frequency that they are difficult to distinguish from each other.
Each pixel represents 35 µm.

A test was also made where the camera aperture was varied. Most pellets
were seen when the picture was taken when the aperture was opened as much
as possible, i.e. the f-number was 1.4. When the aperture was decreased, and
thus the f-number increased, the number of droplets seen also decreased. The
smallest aperture at which droplets could be seen had at f-number of 11, i.e.
the aperture was almost closed.
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5.5.2 Pellets in the Vacuum Injection Chamber

The placement of equipment was similar to when droplets were photographed,
but now at the vacuum injection chamber. The laser was placed at an angle of
90◦ relative to the line-scan camera. Its beam intersected the pellet beam about
1.5 cm below the vacuum injection capillary. Also, a video camera connected
to a monitor was used. Visible on the monitor was both the capillary and the
pellet beam, seen as a faint vertical line coming out of the capillary. The point
where it was hit by the laser was clearly seen as a bright spot on the pellet
beam. Individual pellets could not be seen on the monitor, though. During the
run when pictures were taken, the pellet beam was not optimal. Rather, it was
slightly spreading.

The first task was to find out if the line-scan camera could see the pellets
at all. This was successful. When photographed with the line-scan camera, the
pellets showed up like faint dots or short horizontal lines in the pictures. From
now on we define such dots as pellets instead of talking about reflections from
pellets, to make the text easier to read. Thus, what is called a pellet in the
following may sometimes be something else in reality.

Figure 13: Pellets in the vacuum injection chamber. The picture is taken with
the line-scan camera. Each pixel represents 35 µm.

In fig. 13, some pellets in various sizes are seen. The first one from above
is only one pixel in size and so faint that it is almost invisible. The second
spot is larger and is spread out over two lines so that it is difficult to tell if it
represents one or two pellets. When something like this happens, we count the
spot as two pellets, one for every line that is occupied. Below this large spot is
two pellets that are on the same line but unconnected to each other. These are
also counted as two pellets. In the middle of the picture, an unusually large and
bright pellet is seen. The picture is in no way representative for how pictures
use to look like. It was specially chosen because it contains different all different
kinds of spots that has to be taken into account.

To make sure that it was pellets and nothing else that we saw, a series of
pictures was taken with the camera in different vertical positions. Both the
end of the capillary, the illuminated part of the pellet string, and intermediate
positions were photographed. Also, the dimensions of the capillary and the
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distance to the illuminated part of the string of pellets were measured from the
monitor screen and compared with the height positions of the camera. We found
that the position at which pellet reflections were seen in photographs correspond
to the position at which the laser beam hit the string of pellets, 1.5 cm below
the vacuum injection capillary..

When it was clear that it was pellets that was found, several series of pictures
were taken while varying the camera position in height to get the best pictures
possible.

The pictures taken had the standard height of 5024 lines. In the best pic-
tures, the train of pellets is seen as a rather thin line of dots. These pictures
contains more than 1000 pellets, so that more than 20% of the horizontal lines
contain a pellet. Some dots only occupy one single pixel but many are larger,
occupying up to ten pixels horizontally. It is possible though that some of the
large spots represents more than one pellet. Most large spots stretches out hori-
zontally, not vertically, which makes it easier to count the pellets. This confirms
the prediction that the pellets are so small and fast that the line-scan camera
only gets them on one line. Most of the spots have a luminosity of 9 and are
thus almost invisible. The strongest intensity found was 36.

5.5.3 Pellets in the Interaction Chamber

The placement of the line-scan camera and the laser was similar to when droplets
and pellets were photographed in the chambers above, but there was no video
camera placed at the interaction chamber. Instead a video camera was placed
at the skimmer chamber. One significant improvement was a new holder con-
structed for the camera; a piece of aluminium that is screwed on from above.
When using this holder the focus and aperture can be varied easily.

On the monitor connected to the video camera was seen the skimmer and the
pellet beam impinging on the skimmer. You could see that the pellet beam was
not stable during experiments. Rather, it shifted position above the skimmer,
so sometimes it had to be adjusted so that the pellet rate in the interaction was
maximized. With the help of a video camera at the vacuum injection chamber
you could see that the pellet beam was better than when the previous tests were
carried out. It was now optimized so that the pellet beam would survive into
the interaction chamber.

As was the case in the vacuum injection chamber, pellets were also seen in
the interaction chamber. The highest rate found in a picture is 4252 pellets per
second. When comparing rates calculated from the other pictures in the same
series with the values according to a pellet counter, consisting of a PM-tube
and a frequency meter, when the pictures were taken, you see that the pellet
counter generally shows a slightly larger pellet rate. The camera shows a 0-25%
lower count. A problem with this particular test is that it was not possible
to synchronize the camera and the pellet counter, i.e. the rates from the pellet
counter were not from the exact moments as when the pictures were taken. This
flaw was significant because the rate according to the pellet counter varied very
fast and was not constant from one moment to the next. Anyway, the result is
interesting because it shows that the camera is in quite good agreement with
the PM-tube.
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Figure 14: In the interaction chamber, the pellets have become more spread
out. Note that the scale is larger than in the previous picture.

It was found out that the pellet counting program works very good. When
comparing values from the file with the five saved pictures the fit is perfectly. It
is possible that the rest of the file, containing analysis from totally 543 pictures,
is faulty in some way, but there is no reason to believe so due to the tests on
the computer screen previously.

To get another comparison between the camera and the pellet counter, the
pellet counting program was used. It was set to run for 30 s and meanwhile
three values from the pellet counter was noted down. Afterwards, mean rates
from the program and the pellet counter was calculated and compared. Four
such tests were done at different pellet rates in the range of 1000-3000 pellets
per second. Comparing the two systems gives that the camera detected about
300 pellets more per second. This difference was more or less constant when
varying the pellet rate, but both systems showed a rate of zero when the valve
was closed. Obviously, this test had the same flaw as the one above, that the
camera and the pellet counter were not synchronized. Anyway, the test leads to
the same conclusion, that there is no great difference between the camera and
the pellet counter.

A last test that was carried out was that the valve to the interaction chamber
was opened and closed while the pellet counting program was running. At the
same time the output from the pellet counter was observed. It was found out
that when the valve was closed, the pellet rate went down to zero, according to
both the program and the pellet counter. This is further evidence that it was
pellets and nothing else that was seen in the pictures. It was also found that
the pellet rate went down very fast when the valve was closed.

25



6 Analysis

From the pictures taken with the line-scan camera of micro-spheres at the Pellet
Test Station a lot of information can be extracted if you analyze them with the
help of a computer program, MATLAB for example.

To begin with, you can calculate droplet/pellet rates; just take the number
of micro-spheres that passed during a time interval and divide with the time.
Something else that can be done with pictures from the line-scan camera is also
is to make profiles of the space distributions of micro-spheres. Statistics can also
be made on the distribution over time, so that you can see if the micro-spheres
comes in a regular manner. Two other kinds of data that can be collected are
pellet size and luminosity.

6.1 Droplet Formation Chamber

Already in the pictures you can see that the droplets are created with such a
high frequency that they cannot be distinguished from each other in pictures
from the line-scan camera (see fig. 12). A more thorough analysis of the pictures
supports this view. After counting the number of lines that are occupied with
a droplet or a part of a droplet in a series of pictures, the droplet rate was
calculated to 89.84 kHz. This is too high when compared with the 71.795 kHz
that the frequency generator was set to. Too many lines are occupied, which
indicates that some droplets are visible on two lines. Thus the line-scan camera
can not be used to measure the droplet rate at this high frequency. On the
other hand, it can still be used to take profiles of the droplet beam.

The best statistics for the droplets comes from a series of 25 snapshots taken
immediately after each other with the command Record from mvAcquireControl
SDK. A total of 124497 droplets were found in these pictures. Or maybe one
should rather say that 124497 lines contained something, because you can not
tell whether some droplets are seen on more than one line.

One thing that you can see from the statistics is that the beam of droplets is
very narrow. If the x-positions are approximated with a Gaussian distribution,
the standard deviation is only 0.3 pixels, which corresponds to 10.5µm in reality.
The droplet size is larger than this, 3.56 ± 1.00 pixels, which makes the beam
look broader in the picture.
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Figure 15: Space distribution of droplets in the droplet formation chamber.

The x-position of each droplet has been calculated as the middle of the
droplet, weighted over the light intensity. This method has also been used in
most of the diagrams over the space distributions of pellets.

6.2 Vacuum Injection Chamber

The pellets are more easy to distinguish from each other than the droplets and
you can also see in the pictures that few, if any, of them are seen on more
than one line. Therefore, more statistics could be found from the pellets than
from the droplets, even though the pellet beam was not optimal during the
photography session at the vacuum injection chamber.

One of the best pictures contained 1349 pellets, which means that the rate
was 24.4 kHz (the picture height was 5024 lines). If this is divided with the rate
of droplet formation, 71.795 kHz, you get a rough estimate of the survival ratio
when droplets become pellets. The result is 0.34, which means that about 34%
of the droplets survived and froze to pellets that could be seen in the vacuum
injection chamber. This number would probably have been higher if the beam
had been better.6

The best statistics for the pellets in this chamber comes from a series of
25 pictures taken immediately after each other with the command Record in
mvAcquireControl SDK. A total of 29542 pellets were found in these pictures.

One interesting statistic is the space distribution of the pellets (see fig. 16).
If it is approximated with a gaussian distribution, the standard deviation is 1.58
pixels, which corresponds to 55.3 µm in reality.7 This is larger than the standard
deviation in the case of the droplets, so the beam has spread out somewhat.

6According to one measurement at the pellet target of the WASA-experiment the survival
rate was 50% [4].

7It is not obviously correct to use a gaussian distribution, because the peak of the pellet
distribution is sharper than expected in that case. This can be due to problems with the
camera sensor (see 6.3).
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Figure 16: Space distribution of pellets in the vacuum injection chamber, 1.5 cm
below the vacuum injection capillary.

To get an estimate of how uniformly the pellets pass in front of the camera
you can draw a diagram over their vertical distances from each other (see fig.
17). The mean vertical distance between pellets is 3.72 lines, which represents
41 µs. Distances of over 20 lines were found, but they were very few.
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Figure 17: Distances between pellets in the vacuum injection chamber. A line
represents 11 µs

Pellet mean size is 2.47 pixels, which corresponds to 55.3 µm. This is close
to the expected size of 45 µm. Some pellets are much larger though, with a
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width of over 10 pixels. Why are some pellets larger? One possible explanation
is that some droplets may have merged with each other before they froze to
pellets. These pellets are of course expected to be larger than normal. Another
possibility is that some pellets were out of focus so that they look bigger in
the picture. A third possibility is that in some instances two pellets passed the
camera at the same time so close to each other that they were counted as one
large pellet.
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Figure 18: Pellet size in the vacuum injection chamber.

Another interesting measure is the total amount of light that the pellet shines
into the camera. This can be calculated by summing up the light intensity of
all pixels that the pellet occupy. For each pixel, the background of 8 is first
subtracted, so that an empty pixel will have a value of 0. E.g., if a pellet
occupies two pixels in the picture and both pixels have a value of 9, the sum is
(9− 8)+ (9− 8) = 2. Of course, this does not give the physical amount of light,
but this way different pellets can be compared. The mean light intensity was
found to be 3.37.
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Figure 19: Integral over light intensity from pellets in the vacuum injection
chamber.

The size and light intensity can be plotted together in a three-dimensional
diagram. From this you can see that the brightest pellets are also quite large.
This can also be seen directly in pictures. On the other hand, there are also
large pellets that have a low brightness (see fig. 20).
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Figure 20: Light intensity plotted against pellet size. The brightest pellets are
also quite large. The few largest or brightest pellets are outside of this diagram.

6.3 Interaction Chamber

When the pellet beam reaches the interaction chamber, it has spread out signif-
icantly since vacuum injection. The space distribution is also different, which
can be seen e.g. in the distribution calculated from one of the best pictures
taken of pellets in the interaction chamber (see fig. 21).
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Figure 21: Space distribution of pellets in the interaction chamber.

Note that the form of this distribution is not gaussian. Note also the peak
around x = 320. This stems from a spot that extends over a few horizontal
lines and which may come from a bouncing pellet. These pellets are slower and
thus look bigger and brighter in the pictures. They may cover more than one
horizontal line and have then been counted as more than one pellet.

The pellet rate is lower in the interaction chamber than in the vacuum
injection chamber, which also means that the mean time span between pellets is
greater here, 25.06 pixels which represents 258 µs. A diagram was made over the
distances in the picture used above (see fig. 22). As can be seen in the diagram,
the distance was zero about forty times. This happens when two pellets are
one the same horizontal line, that is are detected at the same time. Also some
distances are very large, over 200 lines, corresponding to a time interval of 2 ms.
This indicates that the pellet distribution in time is not homogenous. Rather
they sometimes come in clusters with large gaps between them, as is also seen
in many pictures. Of course, great irregularities are to be expected because this
measurement is done below the skimmer, which takes away about 80% of the
pellets.
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Figure 22: Vertical distances between consecutive pellets in the interaction
chamber. Each unit corresponds to 11 µs.

The most ambitious information gathering was made by running the program
PelletCounter for 30 seconds, taking 543 pictures.8 During this time 131348
pellets were registered. The program recorded values for the pellets seen and
saved them to a file. Also it saved the first five pictures out of the 543. The
fact that only five pictures could be checked afterwards makes the program less
reliable than direct photographing because of the possibility of some unknown
bug. The mean pellet rate calculated from the file, 4378 per second, is similar
to the one measured with the PM-tube, which hovered around 4000 per second.

830 seconds is close to the upper time limit for the current version of PelletCounter because
an C++ array can only have a finite length, but the program can easily be modified to work
for a much longer time by adding more arrays into which values are stored.
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Figure 23: Space distribution of pellets in the interaction chamber, registered
by the program PelletCounter. The bins of the histogram has been merged four
and four to make a smoother diagram.

The position of each pellet (in fig. 23) is that of the middle of the pellet,
not the middle weighted over the brightness. This is because PelletCounter did
not store enough information to calculate the latter number. For our purposes
this is not of significance, though.

The pellet beam forms a well-defined curve and has a total width of about
100 pixels, which corresponds to 3.5 mm. Note the sharp decline of the rate at
the edges of the distribution. This can also be seen directly in saved pictures
from the interaction chamber. The edges may be the result of the skimmer
cutting off pellets that stray to much to the sides.

The curve indicates that the pellet beam has a cylindrical form in which
the pellets are homogenously distributed. When a horizontal slice of such a
distribution is projected on the x-axis, the result should become this kind of
curve.

The pellet mean size calculated from the file is 2.30 ± 1.28 pixels. This can
be compared with the size of 2.47 ± 1.8 pixels measured in the vacuum injection
chamber. Thus there is no dramatic change in size, nor in the distribution of
size since vacuum injection. It just seems that the pellets have become slightly
smaller, perhaps because of evaporation or friction. The difference can on the
other hand be due to small differences in how the experimental equipment, e.g.
the laser, was placed.

The mean brightness of pellets is 3.14 ± 3.09. This is also lower than the
value measured in the vacuum injection chamber, which was 3.37.

Two similar runs of PelletCounter were also made, at times when the pellet
rate was lower. The resulting diagrams of pellet size and brightness were very
similar, but the graphs were shifted to the right and contained fewer pellets (see
fig. 24). This indicates that the pellet beam was not directly over the skimmer
entrance at those runs. That this was the case could also be seen with the video
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camera that was monitoring events in the skimmer chamber.
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Figure 24: Space distribution of pellets in the interaction chamber, registered by
the program PelletCounter. The pellet beam was not perfectly on the skimmer
during this run of the program. Therefore the distribution has moved to the
right.

In the diagrams made from the files from PelletCounter, bins were merged
to get a smoother curve. If you make a diagram directly from the raw file,
the result is not as nice (see fig. 25). In this picture, bins are not merged
and the pellet position showed is that of the left edge of the pellet. Note that
there is a pattern among the high staples that is repeated every six pixels. The
explanation to this has not been found. One hypothesis is that it has to do
with the electronics in the camera, how the pixels are scanned; that some pixels
record light during a shorter period of time and thus record fewer pellets.
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Figure 25: Space distribution of pellets in the interaction chamber as registered
in the raw file by the program Pellet Counter. This is how it looks before editing;
the position is that of the left end of the pellets, not the middle, and the bins
are not merged to make its shape smooth.

This pattern is also seen in the pictures taken without PelletCounter, al-
though less obviously, so it is not stemming from the program. Maybe this also
explains why diagrams from the vacuum injection chamber are not completely
gaussian. Its just that in that chamber the pellet beam is so narrow that the
pattern is not seen.

7 Conclusion and Outlook

A by now obvious conclusion is that the line-scan camera can be used to pho-
tograph droplets and pellets, with the reservation that some pixels seem to be
less sensitive than others so that a repeating pattern is created in the statistics.
Calculations of the pellet rate from pictures proves that the camera is in agree-
ment with the PM-tube used as a pellet counter at the Pellet Test Station. This
indicates that both tools sees roughly the same number of pellets.

The line-scan camera is a very useful tool because it also can be used to
provide additional information about the pellets and their distribution.

It has also been shown that it is possible to write a program that analyzes
the pictures while the experiment is running and which writes the results to a
file. This program, PelletCounter, can also be used together with the camera
as an online pellet counter instead of the PM-tube.

For the tests carried out during this project, the speed of PelletCounter was
satisfactory. If needed, perhaps Matrix Vision GmbH can be asked to write
functions that are made specially for PANDA, so that the program can be
optimized further.

To reconstruct the path of a pellet, more cameras are needed. To do this,
something like the suggested pellet tracking system must be built (see 1.2).
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To make such a system, with four cameras, to work and extract the necessary
information for the path, will however be more tricky than using the read-out
from only one camera. Solving this problem is beyond the scope of this project
but a necessity for the continuation of the pellet-tracking project in general.

Appendix A: Collection of Values

These are some values related to the experimental equipment used during the
tests described in this report.

Camera

Pixel width 14 µm

Sensor length 512 · 14µm

Camera frequency 90.909 kHz

Camera period time 11 µs

Active time percentage 96.63%

Time gap between scans 0.37 µs

Laser

Wavelength 685 nm

Power 35mW

Fan angle 5◦

Pellet Simulator

Diameter (from center of disc to intersection with laser on wire)
80mm

Wire diameter 30 µm

Frequency 14 Hz

Wire speed 7m/s

Pellet Test Station

Nozzle inner diameter 17 µm

Inner diameter of vacuum injection capillary 0.8 mm

Skimmer entrance diameter 0.59 mm

Observation chamber diameter 100 mm

Droplet speed 25 m/s
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Pellet diameter 45 µm

Pellet speed 50m/s
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Appendix B: Program Code

PelletCounter.cpp

// PelletCounter.cpp
// by Jonas Lith
// Counts pellets and writes their positions to a file.

#include <fstream.h> //Used with cout. \\
#include <stdio.h> //Used with getchar(). \\
#include <sys/types.h> //Used for loading? \\
#include "acqctrl.h" //\\
#include "grabber.h" //\\
#include "analysis.h" //\\
#include <math.h>

BOOL SaveImage( unsigned char * pImage, int width, int height ) {
char filename[256];
//Name of the image file to store.
static int actualFileNr = 0;
FILE *fp;
sprintf(filename, "image%d.raw", ++actualFileNr);
fp = fopen(filename, "wb");

if ( fp )
{

fwrite(pImage,1,width*height,fp);
fclose(fp);
printf("image %s (%dx%d) saved\n", filename, width, height);
return TRUE;

}
else

return FALSE;
}

bool main() {
int width = 512;
int height = 5024;

HMODULE m_hDLLModule;

TMVacquireControl Control;
TAnalysis * m_pAnalysis;

Control.Create( "default" );
Control.Init();

m_hDLLModule = LoadLibrary( "GRABBER.DLL" );

m_pAnalysis = new TAnalysis;
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Control.FunctionList->Select(-1);

Control.Grabber->SetCameraSize(width, height);

cout << "Asynchronous" << endl;
cout << "Pellet rate is:" << endl;

int snapQue = 5;
int currentBuffer = 0;
bool terminated = FALSE;
TASnapResult snapResult;

Control.Grabber->SelSnapBuffer(snapQue);
Control.Grabber->Snap();
//A preliminary snap just to avoid a bug.

//Ordering some asynchronous snapshots
for (int j=snapQue; j<(snapQue+snapQue); j++)
{

Control.Grabber->SelSnapBuffer(j);
Control.Grabber->SnapAsync(0);

}

//Waiting for results and taking more snapshots
while(!terminated)
{

if( Control.Grabber->WaitForSnap( Control.Grabber->GetTimeout(),
&snapResult, sizeof(TASnapResult) ) )

{
Control.Grabber->SelSnapBuffer(currentBuffer);
Control.Grabber->SnapAsync(0);

m_pAnalysis->CalculateImage(snapResult.pImage);
}
else
{

cout << "Snap timeout" << endl;
terminated = TRUE;

}

currentBuffer = ++currentBuffer % snapQue;

if (m_pAnalysis->GetIterations() == 543) //Runs for 30 seconds.
break;

}

double x;
x = m_pAnalysis->GetHits();
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cout << "Number of snapshots: "
<< m_pAnalysis->GetIterations() << endl;

cout << "Number of hits: " << x << endl;

m_pAnalysis->SaveToFile();

for (int k=snapQue; k<(snapQue+snapQue); k++)
{

if ( !SaveImage( Control.Grabber->GetImageNo(k)->pData,
width, height ) )
printf("Error saving file\n");

}

return TRUE;
}

analysis.h

//analysis.h
#ifndef analysisH //\\
#define analysisH

#include <ifunct.h> //\\
#define MM_HORIZONTAL 0 //\\
#define MM_VERTICAL 1

class TAnalysis { protected:
BOOL m_boHasDialog;
DWORD m_OperationMode;
char m_strName[50];

private:
int iterations; //Number of snapshots taken
int hits; //Number of pellets found
int linecount; //Number of lines between two pellets
int result[6][1000000]; //Place for storing results

public:
TAnalysis();
int GetIterations( void ) { return iterations;};
int GetHits( void ) { return hits;};
void SaveToFile();
BOOL CalculateImage( LPIMAGE in );

};

#endif

analysis.cpp

//analysis.cpp
#ifdef _MSC_VER #include ".//stdafx.h" //\\
#endif
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#include <fstream.h> //Used with cout. \\
#include "analysis.h"
#include <math.h> //For "%".

TAnalysis::TAnalysis( ) {
m_boHasDialog = FALSE;
m_OperationMode = _FUNCOPMODE_SNAP;
strcpy( m_strName, "Analysis");
iterations = 0;
hits = 0;
linecount = 0;

}

void TAnalysis::SaveToFile() {
ofstream outf( "file.txt" ); //Opens file to write to

for (int i=1; i<=hits; i++)
{

outf << i << " " << result[0][i] << " " << result[1][i] << " "
<< result[2][i] << " " << result[3][i] << " "
<< result[4][i] << " " << endl;

}

outf.close();

BOOL TAnalysis::CalculateImage ( LPIMAGE in ) {
int x,y,h;
int background;
int light;
int width;
int lightIntegral;
int hitsInImage;
int hitsInLine;

h = imgHeight(in);
background = 8;
light = 0;
width = 0;
lightIntegral = 0;
hitsInImage = 0;
hitsInLine = 0;

iterations++;

//Pellet counting
for ( y=0; y<h; y++ )
{

hitsInLine = 0;
x=165;
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while ( x<266 )
//The search is limited to save time. It must be calibrated
//every time so that it contains the pellet beam.
{

light = (int)(in->pLine[y][x]);
if ( 8 < light )
{

hits++;
hitsInImage++;
hitsInLine++;

while ( 8 < light )
{
lightIntegral = lightIntegral + light - background;
width++;
x++;
light = (int)(in->pLine[y][x]);
}

result[0][hits] = iterations;
result[1][hits] = y;
result[2][hits] = x - width;
result[3][hits] = width;
result[4][hits] = lightIntegral;
//result[5][hits] = linecount;
width = 0;
lightIntegral = 0;
//linecount = 0;

}
else

x++;
}
//linecount++;

}

if ( (iterations % 18) == 0 )
{

cout << ( hitsInImage / 0.055264 ) << " per second" << endl;
}

return TRUE;
}
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