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Abstract

The aim of the project is to build a small ion chamber serving as
a prototype of a much larger dark matter detector to be built in the
future. This is a brand-new project at Fermilab; my task would be
to come up with the prototype ion chamber and a first set of mea-
surements. To start with, the small chamber is going to be filled with
Argon extracted from the air, i.e. predominantly 40Ar and traces of
the radioactive 3?Ar isotope. The Argon will be in its gaseous phase
when introduced in the chamber. Some properties of the inside vol-
ume are being recorded (electric field configuration, voltage output
etc.). Subsequently, we will make use of Argon extracted from under-
ground gas wells, which contains smaller concentrations of decaying
39Ar. The beta-decay of 3 Ar must be well monitored, because it is
the main background source for WIMP dark matter searches. Also,
the chamber is put under high voltage by sending a current through an
iron rod placed along the horizontal axis of the cylindrical chamber.
After the passing of a highly energetic particle, the electric field sepa-
rates the newly formed positive ions and negatively charged electrons.
After data taking and analysis of this configuration, the next step con-
sists in replacing the gaseous Argon with liquid Argon and take new
data samples to be compared with the previous ones. The project com-
bines aspects of cryogenic design, work with low-radioactivity material
and data analysis. Furthermore, the CERN-software Garfield allows
us to simulate the electric field configuration inside the chamber. In
fact, the exact field configuration in three dimensions is not known for
most drift chamber geometries. In addition, the geometry can become
highly complicated locally (the shapes of the electrodes, for instance).
The knowledge of the field configuration is of particular importance,



however, since only its precise knowledge allows for a proper deter-
mination of the background radiation. The next step would then be
to investigate inasmuch the results and properties of the small cham-
ber can be taken over to the original size chamber to be constructed.
This will be done if time is available; my main task is to get a func-
tioning prototype ion chamber providing us with data which should
permit us to make good estimations of the characteristics of its inner
background radiation. More details about the project can be found
at http://home.fnal.gov/ sonnensn/ArSummary.pdf.

To-do list:

1

Construct the (cylindrical) ion chamber: determination of the compo-
nents and putting together the pieces.

Connect the chamber (filled with air) to a high-voltage generator and
take first data samples.

Fill the chamber with Argon extracted from the air (predominantly
10 Ar with traces of 3°Ar), and as soon as available with depleted Argon
from underground gas wells

Take into account the results from the simulation program Garfield
when setting up the initial conditions of the ion chamber.

Take a new set of data samples.

Final step: replace the gaseous Argon with liquid Argon and repeat
the procedures.

Introduction

First of all, a few comments on the state of the experiment. As of the time
of finishing this first draft, the experiment is still not properly working. We
were able to do a couple of measurements while the chamber was filled with
atmospheric Argon. We observed pulses whose amplitude was in the range
expected for cosmic rays, but also much greater amplitudes. The latter most
probably have their origin in impurities in the chamber (dust particles, for
example). On my last trip to Fermilab, we therefore decided to disassemble
the detector and clean it one more time. I will see what changes will occur
on the measurements. Ideally, the out-of-range pulses will be gone and all we
observe is cosmic ray radiation and radioactive decay of 3 Ar, even though
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the setup was not yet sensitive enough to detect the latter during the first set
of measurements. I will then work on the distinction between these different
kind of sources and connect a multi-channel analyzer to collect the data and
carry out the statistics of the pulses. In a broader context, the hope is to
have available an ion chamber that is able to measure the radioactive decay of
the gas inside it. The aim is to fill it with depleted Argon from underground
wells and extract information on the isotopic mixture of that gas. If the
ratio 3 Ar /% Ar is low enough, this gas constitutes an excellent medium for
a dark matter detector. At this moment, we next step is to get the setup
working properly. We can test the performance of the setup by filling it with
a radioactive source of which we know the decay rate and look if we can get
this rate from measurements on the detector.

2 Experimental setup

The setup consists of a series of measurement devices, interconnected between
each other. In this chapter, each of them will be described and put in context
with respect to the whole setup. Let us start with the detector itself, the ion
chamber.

2.1 The ionization chamber

The radiation detector is a cylindrically shaped ionization chamber, detect-
ing the effects produced by a charged particle passing through the chamber.
An electric field is applied inside the chamber, so that free charged particles
move towards one of the two electrodes, therein creating a electric current
which can be measured. For the chamber used in this experiment, the cen-
ter electrode consists of an iron rod placed along the horizontal axis of the
cylinder. The rod is connected to the outside of the chamber through a high-
voltage feedthrough. The feedthrough deserves a paragraph in its own, and
is described below. The outer shell of the cylinder constitutes is at ground
potential. When a voltage is applied, this particular geometry creates an
electric field that is inversely proportional to the radius. Free charges cre-
ated in the chamber (by a cosmic ray hitting it and transferring its energy to
the gas inside the chamber, for example) move towards one of the electrodes
under the influence of the electric field and create an electric current. As-
suming that all the charges are being collected at the electrodes, the current
constitutes the tonization current which can be measured. Let us now turn
to that part of the setup which allows us to extract information about the
origin of the radiation.



2.2 Pulses and Pulse-Shaping

It is important to understand the relationship between a signal in the detector
and the pulse appearing on the screen of the oscilloscope. This paragraph
explains why and how a 'brute’ signal in the detector is shaped into a pulse
permitting the experimenter to read off a maximum of information on the
oscilloscope. The ion chamber in this experiment is operated in pulse mode,
as opposed to current mode where the average rate of ion formation in the
chamber is measured. In pulse mode, each quantum of radiation gives rise to
a pulse. Let us have a short look at the circuit representing an ion chamber
operating in pulse mode. A power supply provides an initial voltage Vj
between the electrodes. In the absence of any radiation causing the formation
of ion pairs, the so-called signal voltage is zero (see figure). However, as soon
as one or more ion pairs are formed within the chamber, they move toward
the electrodes and cause the initial voltage V to drop. The measured signal
voltage across the resistance is not zero anymore, but exactly the amount by
which V4 has dropped. If the circuit time constant is much larger than the
time it takes for the ion pairs to drift toward the electrodes, it can be shown
[1] that the signal voltage Vg(t) takes the form

Val(t) = %(zﬁ o)t (1)

as long as t < -“=. ng is the number of formed ion pairs, e the electronic

charge, d the distance between the electrodes and v™(v™) the drift velocity
of the positively (negatively) charged ions. C'is the capacitance. It is also
assumed that all the ion pairs are formed at a distance x away from the
cathode. When ¢ > =, the electrons have drifted toward the anode and the
second term becomes a constant. Consequently, for L <t< dv_—f, Vi takes
the form

Va(t) = %(m + ) 2)

Finally, when ¢ becomes larger than ‘i}_—f, VR(t) becomes a constant equal to
nope

Va(t) = Ve = — 3

r(t) =Ve= "5 (3)

A plot of this function whose derivative has two discontinuities (at ¢t = z /v~

an t = (d — z)/v™, respectively) can be seen below. The measured value is
the constant Vg = “2¢ from which one can immediately deduce the number

ng of ion pairs originally formed in the chamber.

IThis always happens faster than the time required for the positively charged ions to
move toward the cathode, because the latter’s drift velocity is much smaller



2.3 Preamplifier

The incoming radiation produces in the ion chamber a bunch of free charges
that move toward one of the two electrodes. The total charge ) however
is too small to produce a significant signal pulse. It is therefore natural to
"amplify’ the signal before it enters the measurement device. This signal am-
plification usually takes place right after leaving the detector. The electronic
device making this possible is called a preamplifier. The preamplifier does
not modify the pulse, i.e. the pulse shape occurs at a later stage. What it
does is to take the input signal or input voltage V;,, with has a specific ampli-
tude and modifies the latter in a way that the amplitude of the output pulse
(corresponding to the output voltage V) is proportional to the initial am-
plitude. The amplifier used in this experiment has the highest signal-to-noise
ratio of all suitable amplifiers the market has to offer. When setting up the
experiment, we could not, however, connect the preamplifier right after the
detector: the input voltage of 5000V was too high for the device. For that
reason, we built a decoupling box between the detector and the preamplifier.
The input voltage for the preamplifier then is much smaller and within the
limits it can sustain. But another issue needs to be taken into account. The
simplest decoupling box one can imagine consists of a resistance in series with
a capacitance. A current corresponding to the high voltage enters the box
through a cable which has a connection to the detector through a resistance.
The cable itself then connects to a capacitance before leaving the box and
entering the preamplifier. The aim is then to measure the signal with respect
to ground. As mentioned in the above paragraph, however, we are now in
the situation of a ground loop with its own current. The remedy to this is
to place a resistance between the entering grounded cable and the leaving
grounded cable, precisely because these two potentials are not exactly the
same, ground potential.

The applied high voltage charges the capacitor which has a capacitance
of 180pF. Negative charges accumulate on one side, while positive charges
accumulate on the other. If now a spark is released inside the ion chamber
(due to an impurity causing a locally intense electric field, for example), all
the negative charges on the detector side flow toward ground. Consequently,
there is nothing there to hold back the positive charges on the other side of
the capacitor, and these charges all flow into the preamplifier. In other words,
a huge current enters the resistance of the preamplifier which breaks down.
The understanding of the breakdown was not straightforward and it took
us a while to figure out what caused it. This is why it has been decided to
disassemble the whole detector and (hopefully) remove the impurities. Once
this is done, there should not be any discharges of this type anymore, and we



should be able to safely make use of the setup to extract information about
the signals of interest.

2.4 Multichannel analyzer

How do we extract information about the radiation? This is done via a multi-
channel analyzer. This device measures the differential pulse height spectrum
coming from the detector and converts it into a digital signal which can be
analyze on a computer. Generally one can choose the number of channels
one wishes to have. If the number of pulses is large enough, the number of
channels can be chosen to be very high, each having a very small width. The
resolution of the spectrum is then very close to the real, continuous spec-
trum. If rate of counts is small however, one has to chose a smaller number
of channels with a larger width.

2.5 Noise

A very important task is to reduce the noise as much as possible. In this ex-
periment, noise can originate from cosmic rays, but ’internal’ noise is present
as well, as we could deduce from the observed pulses on the oscilloscope.
By internal noise we mean pulses that originate from impurities inside the
chamber, but also locally intense electric fields due to the geometry of the de-
tector. Another source of noise comes from the coaxial cables interconnecting
the different constituents of the setup. * These cables possess characteristic
internal resistance which can contribute to the noise in the output signal. In
our setup, we try to use as short cables as possible, minimizing the internal
resistance. Finally, a significant source of noise can originate from ground
loops. Ground loops arise when both the source and the measurement de-
vices are connected to the ground, which is the case in our experiment. The
internal resistance and/or any resistance placed in between the source (i.e.
the ion chamber) and the measurement instruments cause a voltage between
the two grounds and thus a current will flow in the so-called ground loop.
This current, then adds up to the current one is interested in and thus mod-
ifies the 'real’ current due to the events in the ion chamber. The undesired
voltage may exceed the voltage due to a signal by several orders of magni-
tude. One way to avoid the emergence of a ground loop current is to ground
all the devices at a single point. In that case, the ground loop voltage is
negligible with respect to the signal voltage. See figure.

2Coaxial cables are generally used for these kind of detectors.



3 Outlook

The next thing to be done once we eliminated the unwanted discharges inside
the chamber is to look at the decay rate of Cobalt 60 (°*Co) and compare it
to the known value. This will ensure a proper functioning of the setup. It
appears that depleted Argon from underground wells will not be accessible
before May this year, which is too late to include an analysis of the propor-
tions of its different isotopes. The hope is to significantly have a lower ratio
of 3 Ar /% Ar, i.e. a much lower proportion of the radioactive isotope. What
can be said already is that the ratio is at least 20 times lower than that for
atmospheric Argon, but it might even be much lower than that.
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