Abstract:
The ATLAS Experiment at the LHC uses an array of detectors to measure the remnants
of high energy proton-proton collisions. In this Letter, we consider a simulation that focuses on
trying to understand the Forward Calorimeter (FCal) detector at ATLAS by simulating a simpler
design that has been experimentally analyzed. This detector experiences the highest energy
depositions of any of the detectors at ATLAS due to its proximity to the beam line. Thus, it is the
most prone to over saturation leading to loss of capability in the detection of events. It was our
hope to learn more about how this detector begins to lose effectiveness through the analysis of a
simulation modeling the detector.

Section 1: Introduction to the ATLAS Detector
The ATLAS detector is one of the seven particle detectors that exist at the LHC. Initially
designed and optimized in order to find the Higgs Boson, after the concurrent discovery of the
Higgs by the ATLAS and CMS experiments, ATLAS is now looking to try and expand the
realms of current Physics research, by looking “beyond the Standard Model.” These new ideas
for what could be out there in the realm of Physics come at a time when the LHC as a whole has
shutdown in order to prepare the collider for higher energy experiments (doubling the energy of
the particle collisions from 7 TeV to 14 TeV). Given the success of the Higgs search in mid
2012, it is hoped that the LHC will be able to succeed in finding these new realms of Physics
after its upgrade.
The detector itself is a piece of equipment capable of finding and measuring a particle’s
charge, momentum, and energy. These particles come from the collision of two protons at the

center of the detector, which then create a cascade of particles that decay into other particles.
These three properties allow for the type of particle to be deduced. This means that we are
capable of comparing what the Standard Model predicts as possible particle emissions from the
collision of high energy protons to our experimental results to deduce how the particles that we
detect lead back to the original collision. In this way, any signals that are generated in the
collision between the original two protons must be traced back accurately. Thus, if the Standard
Model (or any future Particle Physics model) predicts that the collision between two protons at
14 TeV generates a certain combination of particles, it needs to be detected and seen that such is
the case within ATLAS. It cannot be emphasized enough just how powerful the ATLAS detector
is. It is a massive machine that took years of development to finally put together, and with it, we
were finally capable of reaching the energies required to create the Higgs Boson. We hope that
after the LHC’s upgrade, we will be able to find new particles that are not predicted by the
Standard Model, thus opening a new frontier of Physics for research.

Section 2: The Real Detector
The ATLAS detector, as it is a part of the LHC, is one of seven detectors that span a ring
that is 17 miles long. The LHC itself has many more individual components than are described
here, but for simplicities sake, we will only cover the most central parts for making ATLAS
work.

Figure 1: Schematic of the LHC with the 4 primary detector experiments shown (the other 3 are each housed with 1
of the larger experiments). The largest loop is the LHC ring. The three smaller loops are the synchrotron
accelerators. The Linac 2 is signified by the p (showing that it accelerates protons). Finally, the unmentioned Linac
3, which accelerates Lead nuclei, is signified with a Pb.

To begin, all the protons that are collided in ATLAS start at a linear accelerator, the
Linac 2, which accelerates these protons via an electric field. These protons are then further
accelerated in 3 synchrotron accelerators (the Proton Synchrotron Booster, the Proton
Synchrotron, and finally the Super Proton Synchrotron) which use a combination of electric
fields to accelerate the particles further, and magnetic fields to make the protons move along a
circular path (allowing for a much easier to manage, gradual acceleration of the particles). The
protons are then injected into the main LHC ring (or beam line, as we will call it henceforth)
which is designed in order to guide the protons from earlier on in this process to their respective
experiment for collisions. Thus we have reached the ATLAS detector. As described earlier, the

ATLAS detector is capable of measuring a particle’s charge, momentum, and energy. Charge
and momentum of the particles are sampled in the “Inner Detector” which tracks the path
particles take through a magnetic field (charged particles will bend to the right or left, depending
on if they are positively or negatively charged; particles with more momentum have straighter
paths). After exiting this region, the particles then enter a region with many calorimeters, which
are capable of detecting the energy of the particles by how much ionization is created in the
material. In this way, we are capable of measuring these three parameters of the outgoing
particles of these collisions.

Figure 2: Schematic of the complete Atlas detector. Figure 3 will expand the collider and Forward Calorimeter.
Tracking and calorimetric measurements of particles take place in the cut-away region of the detector surrounding
the collider.

Unfortunately, due the nature of these collisions, many particles from the collisions travel
(roughly) down the incident beam line. This is a problem since we are forced to accept that we
do not have all the information that is possible from a single collision. Instead, we choose to use
this information to help us determine which collisions are “useful” to look at.

Figure 3: Schematic of the collider and FCal. Notice that the FCal, despite it helping to cover nearly all the possible
particle trajectories, still misses a lot of particles since they go down the beam line at such a shallow angle.

By looking at the sum of the momenta of these various particles, we can see if there is a large
missing momentum in the radial direction. If there was, that indicates that the collision that
occurred was rather asymmetrical, with a large portion of the radial momentum of the collision
being carried down the beam line, and thus, might have some interesting information contained
within it. Thus, we select for these collisions with large missing momentum.
However, between the region of the undetectable particles, and the particles that we can
find out everything about is a region where we can only find out a particle’s energy. This is due
to the incredibly high radiation levels that this region experiences, which is beyond what our
particle tracking technology is capable of handling. Thus, we can only focus on finding out these
particles’ energies. This is the region that is covered by the FCal. Because of this, the FCal must
be built as the most robust detector of all, being capable of going through all the experiments
held at ATLAS without degrading due to radiation. Because of this, the usage of a liquid Argon

detector was chosen. A liquid Argon detector works by having particles that pass through the
detector ionize the Argon into a positive Argon ion and an electron while in the presence of an
electric field.

Figure 4: Schematic of a segment in the real FCal detector. Each Copper Hexagon is of order 15mm in size. Thus,
they are arrayed in a honeycomb fashion in order to create the full detector.

Thus, the now separated Argon ions and electrons drift away from each other towards the
negative and positive electrodes that generate this field, respectively. The remnants of the
collision generate a current in the calorimeter which can be directly correlated back to the
original energy of the particle that was released.
When the detector is dealing with low ionization levels, the electric field in the gap is
nearly constant, and the charge distributions of the positive Argon ions and the electrons scale
linearly down from their “preferred” electrode (cathode for Argon ions, anode for electrons).
However, as the ionization is increased, these two plots distort, until we reach a point when the
ionization becomes so great that an electric field free region is formed within the gap. The reason
that this zero field region forms at the anode is due to the asymmetry of the charge carriers,
specifically in their ability to move through Liquid Argon being very different (electrons moving
rather freely, Argon ions being heavily impeded).

Figure 5: Image of the electric field, positive charge density, negative charge density, and currents for four different
ionization values. Note that r, the ionization rate has been set to 1 at the so called “critical ionization rate,” in
arbitrary units. Smaller values indicate less ionization, a value of 1 indicates the beginning of the “space-charge
limited regime.” For r > 1, it can be seen that the electric field does indeed go to zero near the anode.

We can see just how important the ionization rate can be by analyzing what happens to electron
density as a function of ionization rate.

Figure 6: Plot of the electron density as a function of the relative ionization rate. As can be seen, a large change in
the electron density at the anode happens at r = 1.

Unfortunately, this field free region causes parts of the detector to essentially go blind, since any
charges produced in those regions will not feel an electric field. Thus, any charges generated in
these regions will not contribute to the current, resulting in them not being detected.
Unfortunately, this field free region cannot be neglected. If conditions are right, this field free
region can extend throughout the majority of the gap, leaving more than half the detector blind to
events. Currently, the detector has been designed to withstand the ionization that was being
emitted for this first run at the LHC. However, after the LHC upgrade, the amount of radiation
that will be emitted is certainly too much for the current FCal to handle. It is important to realize
that the problem has already been realized and a solution has been proposed (build a better
FCal). However there is still a question on whether such a solution is worth the time and money
required to implement it (given that the current FCal may not suffer significant enough loss in
effectiveness). While the ATLAS experiment may be satisfied at this moment without
understanding all of the details of this system, eventually, there may come a time when the next
generation of collider may necessitate a full understanding of the problem in order to build that
detector’s FCal. Hence, while this problem currently is a pure scientific inquiry, in the future it
may be vital that these details are sorted out now, rather than later.

Section 3: The Simulation Program
To begin, our simulation does not simulate the LHC Forward Calorimeter detectors
directly. We instead are simulating a much simpler experimental design that is currently housed
at the University of Arizona. This set-up uses a beta radiation source as the ionizing radiation.

This source is layered on the inside of a copper cylindrical apparatus that houses the liquid
Argon in a gap between the first copper cylinder and a second, slightly larger radius cylinder.

Figure 6: Schematic of the experiment that is simulated in our program. Note that the foil acts as the source of beta
radiation (a type of ionizing radiation) in this set-up (A strong, weak, and 0 source were used in testing). Note, that a
single beta particle path has been traced in this image to show a typical path. Previous simulations have shown that
these paths average out such that ionization can be considered roughly equivalent throughout the whole gap.

Thus, the inner and outer rings of copper act as our two electrodes that provide the electric field
within our Liquid Argon gap. Note, that due to the geometry of a cylindrically symmetric electric
field source, the magnitude of the electric field in this gap is | |

. However, because of how

thin our liquid Argon gap is, we chose to approximate such changes in the electric field at
different radii to be roughly linear.
Unfortunately, there are many intricacies to this problem that we have yet to mention.
First and foremost, we hinted earlier that these charge carriers do have a speed at which they
move in the liquid Argon, and thus, they take time to pass through the gap. Because of this, it is
essential that we can effectively explain how these charges move through our material. Sadly,
theoretical models and experimental data on the subject are subject to a lot of issues (theory does
not effectively explain how an electron moves; experimental data for electrons does not cover the

whole range of fields that we were interested in). In order to deal with these problems, we
created an empirical equation from data collected from the experiment this simulation was
modelled on, in order to describe the data for electrons. Unfortunately, for Argon and Oxygen,
the data was in too much disarray for us to effectively draw any conclusions for what the values
of the Argon Ion Mobility and the Oxygen Ion Mobility were. Thus, we directed our efforts into
finding a value of the Argon ion and attached Oxygen mobility.
Charge carriers in a fluid can have their velocity of motion in the fluid effectively
described by Mobility. Mobility is a quantity that gives a value for the velocity of charged
particles that move in a fluid as a function of electric field. Thus, |
|

|

| |,

〈 〉

where

| is the drift velocity of carriers, µ is the mobility, | | is the magnitude of the electric field, q

is the charge of the carriers, 〈 〉 is the time between collisions, and m is the mass of the carriers.

Figure 7: Plot of the Electron Drift Velocity. This is an empirical plot based on data.

This result is well known, but the basic concepts behind the problem revolve around
understanding charge conservation through the continuity equation, how charges accelerate in a
constant electric field, and what occurs when a collision happens. This result generates a linear
relationship. For the Argon ions, this appears to be a fully reliable result (with the big caveat that
there are no good measurements that seem to confirm the theoretical result for what this value
should be). However, for the electrons, the mobility plot deviates from this simplistic result.
Unfortunately, we could not find a theoretical result that would effectively explain such a
deviation, so we had to use an empirical equation for our electron mobility plot.
As stated earlier, electrons are free charge carriers that are capable of leaving the gap
almost instantaneously, whereas the Argon ions are much slower moving, thus requiring a
comparatively long time for the Argon ions to leave the gap. In addition, due to this being based
on a real experimental setting, there is also the possibility of impurities within our liquid Argon
that can also become charged. The most notable is Oxygen (which was detected, and measured
within the original experimental set-up) which, due to its high electronegativity, can easily have
an electron attach to itself. Because of this, the once relatively free electrons slow down to
speeds of order with the Argon ions. While we know that Oxygen is in the actual experimental
system, the possibility of further charge carriers existing is nonzero, thus our simulation includes
the possibility of unknown charge carriers in our Argon (we did not spend time worried about
other, unknown charge carriers since we wanted to deal with the variables we knew were an
issue). Since there are no measurements of the Oxygen mobility, we contacted Richard Holroyd,
who provided us a suggested value for the Mobility of

.

High energy charged particles that enter the gap are capable of causing electrons that are
bound to the Argon atoms to be ionized. This happens because the charged particles passing near

the atom disturb the potential well that binds the electrons of the atoms. If there is enough of a
disturbance, the electrons are capable of leaving the atom, thus ionizing the Argon. The rate at
which this Ionization occurs at infinite electric fields is generated by a simulation called ERGnrc
(Dinf). This is modified later by initial recombination.
Once these charges have been separated, there is still the possibility that these separate
charges may interact again, thus allowing of the recombination of the charges into an un-ionized
Argon atom. There are two general types of recombination that occur. The first is called initial
recombination, which is when the liberated electron is recombined with its original Argon ion.
This occurs at a rate that is dependent on two competing effects: the attraction that these two
nearby charges feel for one another, working against the electric field that tries to pull them
away. Thus, a strong external field would cause this process to occur less frequently. This rate is
not well understood. Thus, we chose a variety of empirical fits that we successively changed to
improve on previous guesses such that we generated a general RI.

Figure 8: Plot of the Initial Recombination rate as a function of Electric field. These values are not known, thus we
tested 11 different empirical fits, to try and see if any reproduced our data better than other fits.

Figure 9: Plot of the Bulk recombination rate “constant” as a function of electric field. Data taken from Shinsaka.

There is also bulk recombination though, which occurs whenever any electron and Argon ion in
the bulk material meet up and combine to form an Argon atom. This recombination rate relies on
the relative concentrations of the two species (more of either makes this happen more often) with
a factor that determines how fast this occurs such that
rate

. The bulk recombination

is determined by the product of the positive Argon ion density,

and a rate “constant”

electron density,

. The reason constant is quoted is because this is not a constant, but

instead a function of electric field.
Finally, we also included the possibility of diffusion. While diffusion tends to only account for a
small change in our final results, we included it. Simply put, diffusion is the tendency of particles
that exist in a high concentration to spread to locations where there is a lower concentration. For

these charges, we can create a term that describes the rate of these changes such that
where D is the Diffusion Coefficient and ρ is the charge density.
For our liquid Argon, most of the important effects that we want to consider require us to
look at how the electric field within the gap affects the free charges that are capable of being
moved by the field. In order to determine the electric field, we use Gauss’s law. Gauss’s law
states very simply that the amount electric field that exists at a point is dependent purely on the
amount of charge near that region. In 1D, Gauss’s law simplifies to

where E is the

electric field, ρ is the charge density, and ε0 is the permittivity of free space.
Thus, we have come to the point where we can potentially solve these equations to find
the distribution of charge and the value of the electric field within the gap at all points.
Unfortunately, the series of equations that we are looking at leaves us with coupled differential
equations, Gauss’s Law and the full Charge Rate equation

that has

parameters that are in general functions that are explicitly or implicitly defined. While an exact
solution may exist, we considered it unlikely, and instead chose to simulate the problem.
For this simulation we used a combination of the two differential equations presented
earlier (Gauss’ law and the Charge Flow equation) in combination with our other equations for
quantities such as the mobility and applied the simple integration method that is commonly
called “the Euler method.” By taking the simple resultant derivatives we achieve from our
differential equations, we simply integrate up by multiplying our derivative by our step size in
order to achieve our new values. We use this simplest integration method because we do not
expect any of our values to have significant deviations from linearity over each step size.

Section 4: Result and Discussion
With this, we are ready to run the simulation. Unfortunately, the fact still remains that
many of these factors that are simply unknown, not derived from first principles, etc. Because of
this, we cannot simply run our simulation and just have a final answer told to us by it. The fact of
the matter is that even though our stated goal is to find the Argon ion mobility, we don’t have a
good way of finding a “true value” for it. So what we needed to do was run a large range of
different simulation parameters and see what parameters caused which effects on the final plots
we generated. In general, we found that there was a certain characteristic in our plots which the
Argon ion mobility determined overwhelmingly, and that was where our plots began their
downward slope on the current plots.

Figure 10: Plot of raw data from our experiment. We were looking for simulation curves that mimics the turning
points expressed on these plots. (The different data sets represent different gap sizes and different directions of
electric field).

In this way, we could pin down what our Argon ion mobility should be (when the turn down of
the simulation matched the data) when we choose “our best guess values” for all the parameters,

as well as the uncertainty in this value by changing all our other values within ranges that may
still be possible for these, still unknown parameters, and seeing how they shift this turn. With
this we achieve a value of

for our Argon ion mobility.

If one were to critique this method, it could easily be said that this method appears to be
unrigorous. We have not attempted any sort of statistical analysis of our simulation’s results in
relation to the parameters we have input, nor have we tried to quantify how well our simulation
fits the data. Such an assessment would be fair if the situation were different. However, given
that we simply do not have true, reliable values that are, at the very least, experimentally
reproducible (or even measured, in some instances), nor do we have an effective Theory that can
explain these observed phenomena, we must acquiesce our hopes for trying to find results that
are statistically limited and accept that our results are limited by systematic uncertainty.
That leads us to our final concern, that these values for mobility, recombination rates, etc.
are simply not well known, nor well explained. Because of this, we have come to a point where
we must now wait for our fellow scientists to take these measurements and derive Theories that
can effectively nail down these values.

Section 5: Closing Discussion
In closing, we have managed to create a program that effectively simulates how charge
would be generated and moved within a 1D capacitor, and with this model we have come up
with a potential value for the Argon ion mobility of

. While we believe this to be

an effective model, work is currently being put in to change this into a more realistic 2D version
that accurately accounts for the 2D geometry that is actually present. We could also begin to look
at the possibility of other charge carriers, as well as look to try and make our calculations run

faster and with more accuracy. However, other than potentially the 2D change, none of these
changes are at the core of our problem. The biggest problem we face is that there are so many
relatively free parameters that have overlapping effects when simulated that we cannot define a
characteristic behavior that is obviously due to only one of these parameters (whereas we could
with Argon ion mobility). Because of this, we must ask our colleagues to look at these various
problems so that we may begin to pin what these values must be, as opposed to what they might
be. We have great hopes for what we might be able to do if such an endeavor was indeed carried
out.
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