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Chapter1
INTRODUCTION

Many areas of science including astrophysics, nuclear medicine, nuclear non-pro-
liferation, and waste management rely on the efficient and accurate detection of
gamma rays. Frequently it is necessary to be able to detect gamma rays with a
high efficiency and determine what isotope is emitting them by identifying the
energy of this emission. By measuring the energy of the gamma ray emitted by
a source, one is able to determine the isotope of emission. In waste management,
knowing what isotope is being detected can be an important piece of information
for the remediation process. In nuclear medicine, being able to efficiently detect
the gamma rays can lead to the minimization of the dose of radiation to a patient.

While the locations and source strengths of the radioisotopes can differ signif-
icantly based on the application, the need for good efficiency and energy resolu-
tion is important for proper discrimination of different sources. Several different
types of radiation detectors exist that are capable of achieving this to some level.
However, many of these detectors suffer from poor energy resolution. Those that
achieve good energy resolution frequently require some sort of cooling mechanism
such as the use of liquid nitrogen. These cooling mechanisms are generally quite
bulky and difficult to handle. Thus a detector with good energy resolution capable
of operating at room temperature would be a great advantage.

A great deal of work has been done on developing semiconductor radiation de-
tectors such as CdZnTe, CdTe, and Hgl, for high resolution spectroscopy. Through
the development of techniques for single polarity charge sensing, these detectors
have achieved excellent energy resolution. However, to date it is very difficult to

grow semiconductors larger than about 1 cm?® with good material properties, thus



limiting their efficiencies. Gas ionization chambers, on the other hand, are capa-
ble of comparable energy resolutions with much larger volumes. They suffer from
various limitations based on how they achieve single polarity charge sensing, such
as energy resolution degradation due to vibrations of the Frisch grid. This disserta-
tion involves the development of a high pressure xenon ionization chamber using

the method of coplanar anodes to perform gamma-ray spectroscopy in the energy
range of 0.1-2 MeV.

1.1 Gas Detectors as used in Gamma-Ray Spectroscopy

Gas chambers have long been used as a detector for gamma ray spectroscopy due
to their simple design and construction, and the ability to create chambers of a
large volume thus improving their efficiency. The simplest of the gas detectors
is the ion chamber. In this design, a gamma ray enters the active volume of the
detector where it ionizes gas molecules creating electron-ion pairs. By the appli-
cation of an electric field, the electrons drift towards the positively biased anode
while the ions move towards the negatively biased cathode. In an ideal detector,
the output signal is directly proportional to the induced charge on the electrodes
of the detector, which is directly proportional to the deposited energy within the
detecting medium. One consideration in the use of ion chambers is that the total
amount of charge created within the gas is typically quite small, on the order of
10~!5 C, thus requiring significant amplification. However, ion chambers are more
suited for gamma-ray spectroscopy as their energy resolution is the best among
the gas detectors since the ultimate limit is only the Poisson statistics governing
the number of electron-ion pairs created in a single event.

When gas detectors are operated at high electric fields, gas multiplication can
occur as is the case with proportional counters. In this case, the electrons created
within the gas are greatly accelerated by the strong electric field. Their kinetic en-
ergy can exceed the binding energy of the electrons in the gas. Thus, a collision
with a gas molecule can free another electron. This process will continue until
all of the charge has been collected. One of the advantages of the proportional
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counter is that there is a significant increase in the amount of charge produced
within the detector due to the gas multiplication process. Hence, less amplifica-
tion is required relative to ionization chambers. However, this multiplication adds
additional sources of fluctuation in the number of charge carriers and thus yields
worse energy resolution. Eventually as the electric field is increased further, the gas
multiplication becomes an avalanche of charge, as is the case with Geiger-Mueller
(GM) counters. With GM counters, each event results in an avalanche of the same
size, making it impossible to perform spectroscopy since all pulses are of equal
amplitude.

There are problems inherent to radiation detectors that rely on the collection of
the positive charge carrier for the generation of a pulse of full amplitude. When
an electron is released from an atom, the result is an electron-ion pair. Consider a
detector that is made up of two parallel plates with the ion pair formed at some
arbitrary point in between the two. The electron and ion are prevented from re-
combining by an applied electric field which draws the two apart from each other.
In the simplest description, it is the collection of both the electron and ion that re-
sult in a signal. If we consider the detector to be a capacitor, the full voltage will
only develop cver that capacitor once all of the charge has migrated to each elec-
trode. Hence, we require the complete collection of both the electrons and ions in
order to determine the amount of energy deposited within the detector.

This process is complicated by the fact that electrons and ions travel at dif-
ferent velocities through the gas. Their velocities are directly proportional to the
electric field within the detector as well as the mobility of each of these charge car-
riers. However, the electron and ion have vastly different mobilities. The electron
mobility can be as great as 1000 times that of the ions. Hence, the ions move ex-
ceptionally slowly within the gas. This situation is further complicated by the fact
that these gases have impurities which easily trap slow-moving particles such as
the ions. If these particles are trapped, the full charge cannot develop between the
two electrodes and the signal is not as strong as it should be. This results in the

worsening of the spectral resolution of the system. So it is clear that a method by



which the signal due to the ions would not be required would be ideal. This leads
to the idea of single polarity charge sensing which was historically developed for
gas detectors by means of the Frisch grid.

The Frisch grid was developed as a means of allowing for single polarity charge
sensing within a gas detector. The grid is made of a wire mesh that is located close
to the anode at an intermediate potential electrostatically shielding the anode from
the cathode. The resulting signal only develops on the anode once the electrons
have passed between the grid and the anode, but is not a function of interaction

location or movement of the ions to the cathode.

1.2 High Pressure Xenon Gamma-Ray Detectors

With any type of gamma-ray detector, the ideal interaction process is the photo-
electric effect since all of the energy of the gamma ray is deposited within the
detector. The probability of a photoelectric interaction within a material increases
as a strong function of the atomic number, Z, of the material. Hence, it is desirable
to use detection media that have as high a value of Z as possible.

Xenon (Z=54) poses an attractive possibility for gamma-ray spectroscopy due
to its relatively high Z value. In addition, it is a noble gas making it exceptionally
stable. Xenon also has thermodynamic properties that make it very compressible
around its triple point thus increasing the probability of interaction by increasing
the density through minimal changes in pressure to the containment vessel. Since
the probability of interaction within the detection medium is also strongly depen-
dent on the density of the medium, a material that permits operation at high pres-
sures is advantageous. Some of the properties of high pressure xenon are indicated
in Table 1.1.

The initial work that made xenon a viable detection medium involved a de-
tailed analysis of the electron mobilities in xenon as a function of density. [56] It
was found that electron mobility was not a function of temperature, thus making
it a good candidate for room-temperature radiation detectors. Additionally, the

electron velocity as a function of xenon density was cbserved to saturate at a given
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Table 1.1: Selected properties of high pressure xenon

Atomic Number 54
Usable Density 0.3-1 g/cm?
Triple Point 57 atm, 16.6 °C, 1.09 g/cm?
Fano factor 0.14
Statistical Limit of Energy Resolution | 0.5% for 662 keV photons
Average ionization energy 21.9 eV/ion pair

drift field.

Early research into using high pressure xenon for radiation detectors was per-
formed by Dmitrenko et al. who created a cylindrical ionization chamber 50 cm in
length and 6 cm in diameter filled to a pressure of 60 atm (1 g/cm?). [37] In this pre-
liminary work, the detector did not have a Frisch grid, however energy resolutions
of 5.4% were obtained for 662 keV gamma rays. This detector also displayed excel-
lent energy linearity. Other detectors built by this group in the same era exhibited
similar results. [38] It was also presented that the addition of a slight amount of
H,, typically 0.5-1.5%, to the xenon decreased the electron thermalization time and
hence the drift time thus further improving the energy resolution.

However, the energy resolutions obtained by Dmitrenko et al. differ greatly
from the Fano-factor predicted value of 0.5% at 662 keV. Bolotnikov et al. demon-
strated that the energy resolution is a strong function of xenon density. [19] For
densities greater than 0.6 g/cm?, it was shown that recombination of the electron-
ion pairs on delta-electron tracks dominated the energy resolution. For densities
less than 0.6 g/cm?®, the resolution was found to be dependent only on the fluc-
tuation in the number of electron-ion pairs and not a function of density. Also, it
was shown that the energy resolution was not a function of electric field for fields
greater than approximately 2 kV/cm, corresponding to the saturation of the elec-
tron drift velocity. [16] Further studies confirmed that there was no significant
degradation in energy resolution for drift field strengths above 1.3 kV/cm at these
densities. [65] This work also demonstrated that there was no increase in the aver-

age charge collected as a function of density for densities greater than 0.5 g/cm?.



Hence, the only drawback for operating at a lower density than 1 g/cm?® is a loss
of detection efficiency. However, this can be minimized by creating a detector with
a larger sensitive volume to increase the probability of interaction.

Since it was shown that the primary means of resolution degradation is due to
fluctuations in the number of electron-ion pairs, it is necessary to eliminate any
non-Poisson sources of deviation such as electron recombination with electroneg-
ative impurities within the gas. Contamination less than one part per million is
required for adequate spectroscopy in HPXe. [98] It is also necessary to ensure
that the detector be constructed of parts that do not outgas these impurities. All
materials in contact with the gas must be rated for ultra-high vacuum conditions.
Additionally, they must also be capable of withstanding the extremely high pres-
sures involved when the xenon is added to the chamber.

Much work was done to optimize xenon purification techniques to minimize
the concentration of electronegative impurities such as H,O, CO, and CO,. [42]
[14] [16] Two techniques have been reported for gas purification. The first involves
the use of oxisorbs, molecular sieves, and high-temperature getters. In this tech-
nique, the gas is passed through material such as titanium that, at elevated tem-
peratures, adsorbs water easily. Typically this process requires several passes in
order to obtain sufficient purity. This technique has been widely used with xenon
detectors of lower pressures for low-energy x-ray detection and is useful for ob-
taining an initial level of gas purity. However, it is a slow process requiring many
iterations to obtain good purity. [87] [74] The second method utilizes a spark dis-
charge to break apart large molecules. [15] Usually the discharge is created with
electrodes of metals that water readily adsorbs to. So any dust created in the spark-
ing process acts as a getter that prevents the water from remaining in the gas to be
used in the detector. While this technique requires an initial high level of gas pu-
rity, it is a relatively fast purification process capable of attaining higher levels of
purity. For the work described herein, the spark chamber purification process was

used.

In addition to the purification techniques, measuring the level of impurity is



of concern. Some work has been conducted to measure gas impurity using mass
spectroscopy, however this can be an expensive option. [98] Instead, a simple tech-
nique involving pulse waveform analysis has been used as an indication of gas
purity. [14] In this technique, an electron cloud created within the gas is monitored
as it drifts under the influence of an electric field. The shape of the pulse can in-
dicate the electron lifetime within the gas. Dense electron clouds are created by
highly-ionizing cosmic muons and the drift time of such clouds is an indication of
the lower limit on the gas purity. Using these techniques, it was reported that no
degradation in energy resolution was observed until the electron lifetime was less
than 0.5 ms.

The best energy resolution to date with HPXe detectors has been obtained with
either large, gridded chambers or through pulse rise-time compensation. [74] [15]
[61] [102] In both of these cases, the energy resolution obtained was 2.0-2.2 % at 662
keV, however the pulse rise-time compensation method eliminates many events
from the overall spectrum resulting in a low count rate unless exceptionally large
shaping times are used. Yet these results still differ significantly from the predicted
energy resolution for HPXe. One widely-cited explanation for this is due to vibra-
tional instabilities of the Frisch grid, especially at vibration frequencies less than
approximately 100 Hz. [35]

In addition to its ionization properties, xenon gas is also a scintillator with the
wavelength of emission in the UV region at about 170 nm. Collecting the scintilla-
tion light from HPXe can be technically difficult as it requires creating an optically-
transparent window in the pressure vessel to couple a light-collecting device such
as a photomultiplier tube or a photodiode. Later detectors reported by Tepper
and Losee used the scintillation light as a means of triggering the charge-sensitive
preamplifier, however no improvement in energy resolution over previously-re-
ported values was obtained. [99]

Later work demonstrated that HPXe is a viable detector for field work. It has
been shown that the energy resolution for a gridless detector does not significantly
degrade as a function of temperature. [104] As a result, this makes them an in-



teresting candidate for well-logging applications where the elevated temperature
rules out the use of most semiconductors and scintillators. A small, cone pen-
etrometer HPXe detector has been reported with comparable energy resolutions of
approximately 3.1%. [81] Most notably, HPXe detectors have demonstrated long-
term stability under the harsh conditions of space onboard the Mir space station.
[18]

Most recently, different detectors have been constructed to attain good energy
resolution with designs that have branched away from the traditional gridded de-
tectors. For example, one hemispheric detector has been reported with a small
anode pixel to perform single polarity charge sensing through the “small pixel ef-
fect” used in semiconductors. [62] Due to a design flaw, this detector has not yet
recorded spectra, however it poses an interesting alternative to the Frisch grid.
Other detectors have been constructed to form an array of chambers for imaging
purposes using resistive cathode wires between each detector to determine the
two-dimensional position of interaction within the array. [5]

Despite nearly two decades of research and several advances to the knowledge
in the field, no high pressure xenon detector has been built demonstrating better
than 2% energy resolution. This is still much worse than the Fano factor-predicted
minimum of 0.5% for 662 keV gamma rays. This suggests other methods of single

polarity charge sensing should be considered for these detectors.

1.3 Single Polarity Charge Sensing in Semiconductor Spectrome-
ters

Semiconductors such as CdZnTe gained popularity as a medium for gamma-ray
detection due to their high density and wide band gap energy (1.70 keV) making
them a good prospects for room-temperature spectroscopy. However, the first re-
sults for CdZnTe obtained resolutions much greater than the predicted minimum
of 0.2% (assuming the only peak broadening is due to statistical fluctuations in
the number of charge carriers) for 662 keV due to the limitations of severe hole
trapping. [72] Similar problems had been overcome by gas detectors by the im-



plementation of the aforementioned Frisch grid to perform single polarity charge
sensing. A means of Frisch grid operation was thus desirable for semiconductors.

In 1994, Luke discovered the technique of coplanar anodes to achieve this goal.
[69] [70] This method, based on the Schockley-Ramo theorem for the calculation
of induced charge on an electrode is the theory behind the true operation of a
Frisch grid. [48] The technique involves the use of interdigitized strip electrodes
as anodes that are biased at alternating potentials. One set of strips, called the “col-
lecting anode,” is placed at a higher potential relative to the other set of strips or
“non-collecting anode”, thus collecting all of the electrons. Through the Schockley-
Ramo theorem, it can be proven that the difference in induced charge between the
anodes is directly proportional to the charge deposited within the detector and not
based on the movement of the positive charge carriers or the position of interac-
tion within the detector. [47] This is equivalent to the function of a Frisch grid in
gas-filled ionization chambers. Energy resolutions obtained with the first coplanar
anode detectors were initially approximately 5% and improved with later genera-
tions of coplanar detectors to 2.4% for 662 keV gamma rays. [69] [72]

As a result of this preliminary study, work was conducted to optimize the
coplanar anode design. It was determined that the majority of the broadening of
the photopeak occurred from interactions near one pitch width of the anode sur-
face where deviations in the normalized induced charge, or weighting potential,
would be most detrimental. [51] To correct this, emphasis was placed on devel-
oping coplanar anode designs that would balance the weighting potential in this
crucial region as much as possible. This was achieved by the incorporation of a
boundary electrode, whose purpose was to balance the weighting potential of the
two anodes on the edge of the detector. Further improvements in the energy reso-
lution were observed when the widths of the outermost strips were altered in size
so the difference in the weighting potentials of the two anodes was minimized.
The result was an improvement in energy resolution to 1.79% for 662 keV gamma-
rays. [52] When this design was incorporated, it was also demonstrated that the
broadening of the photopeak was, in fact, not from poor electron collection due



to material defects, but the result of small imbalances of the weighting potential
across the detector. [51]

The concept of single-polarity charge sensing was also achieved through the
use of small, pixel anodes whose size is much smaller than the detector thickness.
It was determined that the “small pixel effect” could attain similar weighting po-
tentials to the Frisch grid or coplanar anodes. [9] Through the use of small pixels, it
is possible to attain three-dimensional position sensing. The two-dimensional in-
teraction location is determined by the pixel of maximum signal amplitude. Depth
information is obtained by taking the ratio of the signals from the cathode to an-
ode pixel. By doing so, energy resolutions as good as 1.51% have been reported for
CdZnTe. [53] It has also proven a successful technique for other semiconductors
such as Hgl, where the resolution has been improved from several percent to 1.4%
for 662 keV photons. [8] [7] This same technique has also been applied to obtain
spectra from multiple-pixel events. If the timing of the multiple interactions can be
accurately measured, it is possible to determine through coincidence measurement
techniques which events correspond to a single incident gamma ray. Using a 1x1x1
cm detector energy resolutions of 3.8% were initially obtained for two interactions
separated by more than one pixel distance. [67] This was later improved to 2.7%
with a 1.5x1.5x1.0 cm CdZnTe detector. [107]

1.4 Objectives and Contributions of this Work

This thesis attempts to enhance the basic high pressure xenon ionization chamber
by replacing the Frisch grid with a coplanar anode system similar to those used
in semiconductor spectroscopy research. The work presented here represents the
first time the coplanar anode design has been used in a gas ionization chamber. The
result of this research is a series of detectors, both parallel plate and cylindrical in
design, that lack a classical Frisch grid but are still capable of single polarity charge
sensing. While the detectors did not demonstrate energy resolutions comparable
with other high pressure xenon detectors, it was intended that they simply prove

that the concept of single polarity charge sensing with coplanar anodes can work
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in a gas detector. A detailed analysis of the factors limiting the energy resolution
has been performed to aid in future designs.

1.5 Overview of Dissertation

The goal of this dissertation is to answer the basic question of whether or not it is
possible to operate a high pressure xenon detector in coplanar anode mode. This
was achieved through the simulation, design, and testing of two different designs
of high pressure xenon detector. The first detector constructed was of a cylindri-
cal geometry with helical anode wires. The second detector built was a parallel
plate design. Though neither detector functioned perfectly, it will be shown that
the method of coplanar anodes works with high pressure xenon and offers an im-
provement over classic ionization chamber operation.

This dissertation contains six subsequent chapters discussing the development,
testing, and results of two different coplanar anode high pressure xenon detectors.
The second chapter focuses on the theory behind the coplanar anode design for
single polarity charge sensing. The main concept presented here is the Schockley-
Ramo theorem, which is the basis for the coplanar anode. In the third chapter,
simulations will be presented as to the expected results of these detectors. These
simulations can be divided into two distinct sections: electromagnetic simulations
of the anodes and complete detector to establish optimal designs and Monte Carlo
simulations to determine the expected resulting spectrum. Chapter 4 describes the
designs themselves and how they were selected. The techniques used to purify and
fill the xenon used in these detectors is presented here. The fifth chapter focuses on
the results and analysis from the helical detector. This detector exhibited unusual
results which are described and used as the motivation for the construction of the
parallel plate detector. This detector was meant to be a simple design to prove the
principle of coplanar anode operation in high pressure xenon. The results from
this detector are presented in Chapter 6. Lastly, the seventh chapter states the

conclusions of this research and poses suggestions for future work.
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Chapter 2
THEORY

The fundamental process to be examined in this work is the creation of a signal
by the motion of electrons created within the detector. First, the induction of
charge on an electrode is introduced as a means to developing an understanding
of the Schockley-Ramo theorem to calculate the induced charge from the motion
of charge carriers. This formalism will be applied to the idea of single-polarity
charge sensing through two different cases involving Frisch grids and coplanar
anodes. Last it is important to consider different processes such as electron trap-

ping that would result in deviations from the expected ideal cases developed by
the Schockley-Ramo theorcm.

2.1 Charge Induction as a Means of Signal Creation

In order to calculate the induced charge on an electrode, it is convenient to use the
Schockley-Ramo theorem for induced charges. [48] This theorem applies the tool of
weighting potentials or normalized induced charge and fields in order to calculate

the instantaneous induced current on an electrode. Based on this theorem, the

current is given by

-

i=qi-E, 2.1)

where g is the charge with a velocity of 7 and E, is the weighting field. The total
induced charge on an electrode is

Q=qA¢y (2.2)

where A¢,, is the change in the normalized induced charge or weighting potential.
The weighting potential and field are not the same as the operating potential and
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electric field within the detector. The operating potential and field are established
by the bias applied to the detector. However, this bias does not determine the na-
ture of the induced charge on each electrode. Instead, the weighting potential and
field are used as a tool for calculating the induced charge on any given electrode.

The weighting potential of Equation 2.2 is determined by solving the Laplace
equation

V=0 (2.3)
with the following artificial boundary conditions:

1. The potential on the electrode of interest is set to an arbitrary value of 1.

9

All other potentials are set arbitrarily to zero.

3. Even if trapped charges exist within the detector, they are ignored. This per-
mits the use of Equation 2.3 instead of a more difficult calculation via the

Poisson equation.

For the applications of interest in this work, it is simple to use the Schockley-
Ramo theorem to determine the normalized induced charge on an electrode. For
example, consider the case of a simple, parallel plate detector with an anode and
cathode separated by a distance, d with a negative bias applied to the cathode.
In this case, the operating electric field established between the cathode and anode

will be constant. The operating potential will simply be a function of distance from
the cathode established as

V(z) = Ez (2.9)

where z is the distance from the cathode and E is the electric field.

However, when using the Schockley-Ramo theorem, the operating potential
and field are not calculated. Instead the total normalized induced charge on one of
the electrodes is determined. In this case, consider the induced charge on the an-
ode. As shown in Figure 2.1, a value of one is assigned as the normalized induced
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normalized induced charge

i !
cathode anode

Figure 2.1: Normalized induced charge as a function of position within a planar
detector.

charge on the surface of the anode and a value of zero to the cathode. The induced
charge on the anode will increase linearly as a charge carrier moves between the
cathode and anode. Thus a linear relationship is obtained between the total nor-
malized induced charge on the anode as a function of distance to the anode.

This case represents the simplest use of the Schockley-Ramo theorem, however
its true impact will be realized in future sections as more complicated cases are

presented.

2.2 Single-Polarity Charge Sensing with Frisch Grids

Due to the fact that the ions move so slowly within the gas and easily recombine,

the Frisch grid was developed to allow for single polarity charge sensing with a
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gas detector. In this case, a physical grid is built within the chamber between the
anode and cathode kept at an intermediate potential as demonstrated in Figure 2.3
(neglecting the effects of the walls of the detector). As the electron and ion move
apart due to the influence of the drift field, the Frisch grid electrostatically shields
the anode from any movement of charge. However, once the electron passes the
grid, it begins to induce a signal on the anode. As the electron moves closer to the
anode, the induced charge increases. In order to calculate the charge induced on a
conductor due to a point charge elsewhere, the following equation must be solved:

Viz.y2) = 47360[\/12 + y2q-+- (z —d)? - Vz?+ y2q+ (z+ d)z] (23)

where g is the charge and d is the distance of the charge from the conducting sur-

face. This problem is illustrated in Figure 2.2. The potential on the surface is then
given by

oV
o= —60—371_ (2.6)

where 2% is the normal derivative at the surface. By taking the derivative of Equa-
tion 2.5, it can be shown that

- —qd
2m(z? + y? + dg)% .

a(z,y) (2.7)

Since the total induced charge, @, is the integral of the induced surface charge,

Q= / oda (2.8)
using plane polar coordinates where r? = 12 + y? and da = rdrd#, then
2 oc
—qd -1

= ————rdrdf = —qd———=| = —q. 29
e A = e H =y R
Based on this formalism, it is clear that if there is a a charge ¢ at a distance d,
there will be an opposite charge of —q induced on the electrode. For the purpose
of calculations, this mirror charge is considered to also be a distance d from the

electrode surface. As d decreases, the charge induced on the electrode increases.

However, in the case of a detector with a Frisch grid, charge is not induced on the

15



—P>x
d
¥Y<—da
d

Figure 2.2: Representation of the method of mirror charges where the potential,
V(x,y,z), is determined by Equation 2.5 and the surface charge, o(x,y), is calculated
by Equation 2.7.
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Figure 2.3: General schematic of a detector with a Frisch grid.

17



>

|
|

normalized induced charge
\

cathode p anode

Figure 2.4: Normalized induced charge as a function of position in the detector for
a planar detector with a Frisch grid.
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anode until it passes the grid, which shields the anode from any other charges in
the bulk of the detector.

It is important to note here that for a gridded detector, at no point does the
motion or collection of the ions contribute to the signal, assuming the region be-
tween the grid and the anode is small enough that interactions within this region
are rare. Charge is induced on the anode only once the electrons have crossed the
Frisch grid and the signal develops only based on the motion and collection of the
electrons. Hence, the Frisch grid is an effective way of doing single-polarity charge
sensing in a gas detector. This development greatly improved the spectral response
of these detectors since they were previously limited by the slow, easily-trapped
ions.

While the general principles behind the Frisch grid are simple, understanding
the formation of the output can be quite complicated, especially for more elaborate
geometries. However, if one uses the Schockley-Ramo theorem, determining the
signal generated by the motion of the electrons is quite simple.

In this example, the signal that is developed on the anode is to be calculated.
A weighting potential value of unity is assigned to the electrode of interest — the
anode. All other electrodes receive a value of the weighting potential of zero, in-
cluding the Frisch grid. From basic electromagnetism, the electric field between
two parallel electrodes kept at constant potential difference is given by

v
E| = —. 2.
E| P (2.10)

where d is the cathode-anode separation. As the electron passes the grid, the
charge induced on the anode will begin to increase as the electron moves closer
to the anode. The maximum value the weighting potential is unity. So normalized
induced potential on the electrode will increase linearly (since Equation 2.10 is lin-
ear) from zero to unity as the electron drifts between the Frisch grid and anode.

It should be noted that the region between the Frisch grid and anode is typically
small. This means that the probability of an ion pair being created between the
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grid and anode is much smaller than the probability of generation elsewhere in
the detector. Should an interaction occur in this small region a distance x from the
surface, then the signal would be at a decreased amplitude proportional to 1-x. It
also means that, assuming the electrons are created in the main volume of the gas
and migrate into this region, the signal induced on the anode will have the same
rise time, regardless of where the ion pair was initially created. This is because the
rise time would only be a function of the distance the electron travels across the
distance between the grid and the anode in order to be collected. However, since
the rise time is constant and not a function of the depth of interaction within the
detector, it is not possible to obtain the time of interaction. This would ordinarily
be done by observing the drift of the electrons through the detector, however in
the case of a gridded detector, the movement of the electrons is only observed

once they have passed the grid.

2.3 Single-Polarity Charge Sensing with Coplanar Anodes

A great deal of work has been done in the field of semiconductors to improve their
resolution. Semiconductors such as CdZnTe and CdTe have long posed attractive
detection media, however their resolutions were limited due to the poor collection
of holes. While the mobility of holes is much greater than that of ions produced
in a gas detector, they still suffer from trapping problems within the crystal. With-
out single polarity charge sensing, the movement (and thus the trapping) of holes
contributes to the signal. This creates a source of fluctuation in the pulse height
resulting in a loss of energy resolution.

The difficulty in making a Frisch grid for semiconductors is that it is not possi-
ble for the crystal to grow properly around the standard wire mesh used for Frisch
grids. Instead, the mathematical formalism of the Schockley-Ramo theorem was
applied. Through this theorem, a new type of anode design involving a coplanar
anode was created for semiconductors to allow for single-polarity charge sensing.
This design improves on the classic parallel plate design by making the anode, in-
stead of a solid plate, a series of parallel interdigitized strips as illustrated in Figure
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Figure 2.5: General schematic of a coplanar anode device. A potential difference,
AV > 0, is established between the collecting and non-collecting anodes.

2.5. Through the application of a potential AV, the collecting and non-collecting
anodes are established.

In order to determine the weighting potential of the detector, the potential of
the collecting anode is assigned a value of unity while setting that of the non-
collecting anode and cathode to zero. There are three cases to be examined: an
electron-hole pair created near the cathode surface underneath the collecting an-
ode, an electron-hole pair created near the cathode surface underneath the non-
collecting anode, and an electron-hole pair created somewhere in the middle of
the detector at position £ as shown in Figure 2.6.

In the first case (ignoring the motion of the positive charge carrier, which in-
duces no signal since the weighting potential for the cathode is set to zero), the
electron will drift toward the anode surface until it is collected by the collecting an-

ode. The signal on the collecting anode increases to a normalized induced charge
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Figure 2.6: An examination of the Schockley-Ramo theorem as it applies to estab-
lishing the total normalized induced charge on each anode as a function of the
location of charge carrier creation.



of unity. However, the signal on the non-collecting anode will also increase to a
point. This point corresponds approximately to one pitch width below the anode
surface where the normalized induced charge on the non-collecting anode returns
to zero. This is because, based on the method of mirror charges, the electron and
its mirror charge on the collecting anode appear to be in electrostatic neutrality
relative to the non-collecting anode. This is shown in Figure 2.7.

In the second case, the electron drifts towards the anode surface similar to the
first case. However, at point P, the electron moves towards the electrode at a higher
potential, the collecting anode. Thus the normalized induced charge on the non-
collecting anode will decrease because the electron is moving away from it while
the induced signal will increase on the collecting anode as a function of decreasing
proximity.

The third case demonstrates the most practical example of the charge pair be-
ing created at some arbitrary point in the detector, £. As in the previous two cases,
the electron moves first in the direction of the anode surface and is then at P di-
verted towards the collecting anode. However, as shown in Figure 2.7, the induced
charge on the collecting anode is 1-. This is demonstrated by the placement of the
supplemental axes in the figure at x=£. Additionally, the induced signal on the
non-collecting anode decreases when x>P and becomes negative. This is also clear
in Figure 2.7.

In order to apply these principles to the detection of the gamma rays, it is nec-
essary to consider the difference between the two anodes. It is clear that for the
first two cases, the difference in induced charge on the two anodes will always be
equal to since, based on Equation 2.2, A¢,, must be equal to unity. Thus the total
induced charge would simply be the amount created within the detector. In other
words, the difference in induced charge between the two anodes, AQ, is given by

AQ = qA¢w,c - qAéw,nc = Q(l - Tl) - Q(O - 77) =4 (2°11)

where ¢ is the amount of charge initially prcduced within the detector, A¢y, is the
change in the weighting potential on the collecting anode, and A¢,, » is the change
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Figure 2.7: The normalized induced charge for coplanar anodes as determined by
the Schockley-Ramo theorem. The first and second case are shown in black while
the third case is shown in red.
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Figure 2.8: The subtracted normalized induced charge for coplanar anodes calcu-

lated by subtracting the signal of the non-collecting anode from that of the collect-
ing anode.

in the weighting potential on the non-collecting anode. This is clearly demon-
strated in Figure 2.8. By subtracting the signal of the non-collecting anode from
that of the collecting anode, the resulting normalized induced charge is exactly
like that of the classical Frisch grid as illustrated in Figure 2.4.

There are some important implications of Equation 2.11. First, the total induced
charge is not dependent on the location that the ion pair was created. This matches
well with the operation of a classical Frisch grid. The second implication is that the
signal generated in this type of detector is not dependent on the movement of the
ions. This is reflected by the fact, as demonstrated in Figure 2.8, that the subtracted
weighting potential for the two anodes has a value of zero for the majority of the
detector. So there is no change in the weighting potential as the ions move towards

the cathode. Therefore, they do not contribute to the spectrum.



2.4 Problems Associated with Single-Polarity Charge Sensing

There are several potential problems associated with single-polarity charge sens-
ing through the coplanar anode approach which can result in a worsening of the
energy resolution. These include the use of insufficient potential, AV, between the
two anodes, imbalances in the weighting potential between the anodes, and elec-

tron trapping both within the bulk of the detector and in the region within one
pitch width of the anodes.

2.4.1 Insufficient Potential Between the Anodes for Coplanar Mode Operation

In order to operate in the coplanar mode, it is necessary to completely collect all
of the electrons on the collecting anode. If some of the electrons are collected on
the non-collecting anode, this would have the effect of having a non-zero value
of the weighting potential on this electrode. As a result, the difference signal be-
tween the two anodes will be less than unity. This effect is a function of the size
of the electron cloud and its location relative to the pitch of the anodes, assuming
only lateral size and no charge diffusion. For example, if the electron cloud size
is large relative to the pitch, there will be a significant probability that some elec-
trons will be generated beneath the non-collecting anode and will only be drawn to
the collecting anode if AV is sufficient. Otherwise there will be significant charge
sharing between the anodes and the non-collecting anode will not reach a state of
zero induced charge, as predicted by Figure 2.7. This is illustrated schematically
in Figure 2.9. In this case, cloud A is created directly over the collecting anode and
is small enough relative to the pitch to not be collected by the non-collecting an-
ode. However, cloud B has some electrons that overlap the non-collecting anode.
In this case, AV must be large enough to draw them to the collecting anode or
the method of coplanar anodes will not work. As this example demonstrates, the
effect of insufficient AV is different for each example electron cloud. For cloud A
there may be no unwanted signal on the non-collecting anode, but this would not
be the case for cloud B if AV was not high enough. Hence, this effect is a function

26



Elect‘ron B

| Clouds
| | |
| l |
| | |
l l | |
TR G . S {
AVi— P |
Anode Rod T

Figure 2.9: Drawing of possible electron cloud scenarios. Cloud A is created di-
rectly over the collecting anode and thus there is no charge sharing on the non-

collecting anode. Cloud B is shared between both the collecting and non-collecting
anodes.

of the interaction position within the detector.

2.4.2 Non-equal Gain Between the Anodes and Other Nonuniformities of the
Weighting Potential
In order to obtain a weighting potential like a true Frisch grid, it is necessary that
the normalized induced charge of each anode be equal in the bulk of the detector.
The result is a subtracted signal with a value of zero in this region of the detector
as shown in Figure 2.8. If this is not the case, there will be a non-zero compo-
nent of the difference signal in the bulk. This is represented in Figure 2.10 where
the collecting anode is at a slightly higher gain than the non-collecting anode by a
value of A. (Note that this gain imbalance could also increase the normalized in-
duced charge of the non-collecting anode.) The resulting difference signal, shown
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Figure 2.10: An example of the normalized induced charge on each electrode with
the collecting anode at a gain that is slightly higher (A) than that of the non-
collecting anode.

in Figure 2.11, indicates the non-zero component in the bulk with an increase of
the weighting potential by the value 1+A at the anode surface. This would have
the effect of a high energy shoulder on the photopeak of the spectrum. Similarly,
if the non-collecting anode was at a higher gain, the difference signal at the anode
surface would be offset to a value of 1-A resulting in a low energy shoulder on the
photopeak. Additionally, since the difference signal is non-zero in the bulk, this
implies that the signal on the anode is a function of position within the detector.

It is possible to create situations like those presented in Figure 2.10 through
more complicated processes than simple gain differences between the anodes. For
instance, suppose there was a significant difference in weighting potential between
the two anodes in a particular region of the detector. This can lead to a significant
degradation in the energy resolution as well as the fact that the pulse amplitude is
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Figure 2.11: The subtracted induced charge resulting from the case where the col-
lecting anode is at a higher gain as shown in Figure 2.10.
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Figure 2.12: Typical coplanar anode design for semiconductors.

a function of the position of interaction within the detector.

The reason for the weighting potential nonuniformity originates in the anode
design itself. When the coplanar designs were originally created for CdZnTe de-
tectors, consideration was given as to how to best connect a series of parallel
electrodes. A symmetric design was established that would allow the collecting
and non-collecting anodes to be one continuous electrode as shown in Figure 2.12.
Based on the symmetry of the design, one of each of the electrodes must be on the
outer edge of the semiconductor. In this region, the boundary conditions will not
be the same for the the two anodes. Hence, simply by the design of the coplanar
anodes, a nonuniformity is introduced into the weighting field. It was found that if
the weighting potential between the two anodes in this region differed by + 20%,
this would cause nearly a 40% variation in the pulse amplitude for gamma rays of
equal energy. [51] Hence, attention needs to be paid to the anode design as it can

significantly impact the resulting spectrum.
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24.3 Electron Trapping

Trapping of the charge carriers in any portion of the detector will destroy the pro-
portionality between the charge collected and the energy deposited. While the
trapping may come from anywhere in the detector, the overall result is similar.
Any loss of charge carriers will decrease the pulse amplitude, yielding more events
in the low energy portions of the spectrum instead of in the true photopeak. How-
ever, unlike parallel plate or Frisch grid detectors, it is possible to compensate for
this in a coplanar system. In the previous section, differences in gain between the
two anodes were described as problematic. However, with detectors where charge
trapping is a problem, it is desirable to create situations like those depicted in Fig-
ure 2.10. In this case, by placing the non-collecting anode at a lower gain relative to
the collecting anode, difference signal pulses that are abnormally large will be pro-
duced thus artificially compensating for electron trapping. This can also be solved
through compensation by depth sensing whereby the ratio is taken between the
cathode and anode signals to determine the depth of interaction. The depth infor-

mation is used to adjust the pulse amplitude of the anode to the expected value.
24.4 Signal Degradation due to Other Influences

There are many other possible sources of signal degradation including high de-
tector capacitance, inductive coupling, and electric field optimization. Detectors
with high capacitance can be quite noisy and effort must be made to minimize
this effect. Also, some of the detectors to be presented in this work involve coiled
wires around a cylindrical rod as their anode design. In this case, the possible con-
tributions due to inductive coupling between the anodes must be considered. If
the inductance is too high, a charge that is induced on the collecting anode can be
inductively shared to some extent on the non-collecting anode making the differ-

ence between the two smaller than expected resulting in charge collection that is
less than ideal.
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2.5 Summary

In this chapter the method of coplanar anode detection has been presented. The
Schockley-Ramo theorem has been introduced as a useful tool for determining
the normalized induced charge on any electrode. While the use of this tool was
demonstrated on the classical Frisch grid ionization chamber, additional applica-
Hons were found in the field of coplanar anode design to simulate Frisch grids
with semiconductors. A few of the problems associated with the use of coplanar
anodes have also been discussed.

These principles will be used in the following chapters to discuss the anode de-
signs to be used in the high pressure xenon detectors that are the focus of this work.
Optimization of the anodes and detectors as a whole in terms of their weighting

potentials will be considered.
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Chapter 3
SIMULATIONS AND CALCULATIONS

In order to design the coplanar high pressure xenon detector, there were several
calculations and simulations that were required. These fell into two categories —
Monte Carlo simulations and electrostatic calculations. High pressure xenon was
studied using both EGS4 and Geant4 to determine the expected spectrum for the
detector and various properties such as as the expected electron cloud diameter.
[77] [26] Consideration will be given to the effect of Compton scatter both within
the detecting volume and any dead region of xenon. The electrostatic results to
be presented were both numerical calculations and electrostatic simulations per-
formed with the Coulomb 4.0 package. [28] The primary purpose of these elec-
trostatic calculations is to determine the minimum required potential between the

anodes for complete charge collection on the collecting anode, AV, and any

factors that could affect this value.

3.1 Monte Carlo Simulations

In order to determine if the detectors associated with this research were function-
ing optimally, it was necessary to develop an understanding of what the the energy
spectrum would look like. This was achieved by the use of Monte Carlo techniques
using EGS54 and Geant4.

First, high pressure xenon with a density of 0.5 g/cm® was simulated using the
PEGS package of EGS4 to determine its material properties. For example, Figure
3.1 is the calculated mean free path for photons as a function of energy. As is
seen in the figure, 662 keV gamma rays will travel on average greater than 20 cm
without interacting with the xenon. Additionally, the relative contribution of the
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Figure 3.1: Calculated mean free path in 0.5 g/cm?® xenon using the PEGS compo-
nent of EGS4.

photoelectric effect, Compton scatter, and pair production for 0.5 g/cm?® xenon is
shown in Figure 3.2. This shows that for 662 keV gamma rays, Compton scatter
will dominate the interactions with about 70% probability.

A simulation of the expected spectrum for high pressure xenon can provide a
useful tool for the diagnosis of problems with the detector. For the case of a simple
calculation, the spectrum is comprised of the energy deposited within the xenon.
Figure 3.3 illustrates the calculated energy deposition within a 10 by 10 cm cylinder
of xenon with a 1 mm thick iron cylindrical shell about the detection region to sim-
ulate the pressure vessel. The simulated detector is uniformly irradiated along its
axis. This spectrum does not take into account the output of pulses resulting from
this energy deposition. So neither effect of the movement of charges by an applied
bias nor the measurement of those charges with coplanar anodes are considered
in this calculation. To represent photopeak broadening of 2% by electronic noise,
a Gaussian sampling routine has been applied to vary the energy of the incident

gamma ray slightly. For the above simulation, 10® gamma rays were incident on
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Figure 3.2: The relative probability of photoelectric etfect, Compton scatter. and
pair production for 0.5 g/cm?® xenon.

the detector. Based on the above results, the photopeak efficiency was calculated
to be 5.66%.

The spectrum presented in Figure 3.3 is representative of the geometry of the
helical detector. However, a second detector of parallel plate geometry was also
built for this work. The parallel plate detector poses some additional differences
that require consideration. First, the detector has a smaller active volume, with a
radius of 5 cm and a thickness of 3 cm. However, in addition to the active volume,
there is a dead region of xenon that is not directly between the anode and cathode
that is about 1 cm thick. This is shown schematically in Figure 3.4. Itis possible that
a gamma ray could undergo Compton scatter within this region and deposit the
remaining energy in the active region of the detector. So a second simulation was
conducted with this additional region of dead xenon surrounding the detection
region. The simulated spectrum representing this second case is shown in Figure
3.5. In this case, the photopeak efficiency is 4.67%, which is expected since the

active volume of the detector is less than the previous case.
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Figure 3.5: Simulated "*’Cs spectrum for the parallel plate detector.

3.1.1 Considerations on the Compton Continuum of High Pressure Xenon Spec-
tra

One point worth noting is in reference to the shape of the Compton continuum in
the simulated spectra. As expected, the continuum is relatively flat and featureless.
However, this disagrees with prior high pressure xenon spectra and the spectra to
be shown as a result of this work. [74] [15] In these spectra, the Compton contin-
uum has an exponential shape with many more counts in the lower energy portion
than the higher energy.

One possible explanation of this artifact is through a consideration of the size of
these detectors, the shaping time, and the drift velocity of the electrons. High pres-
sure xenon detectors tend to be quite large with several centimeters between the
anode and cathode. If the electrons travel with a velocity of 1 mm/yus, it can take
them tens of microseconds to reach the anode if they are created near the cathode.
Suppose a gamma ray undergoes Compton scatter near the cathode and then a
photoelectric event near the anode as depicted in Figure 3.6. These two events can
be separated in time by the tens of microseconds it takes for the cathode-side event

to reach the anode. If this time, At, is greater than the shaping time, 7, then the
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Figure 3.6: [llustration of the theorized exponential shape of the Compton contin-
uum for high pressure xenon spectra.

two events will be treated as individual interactions with neither depositing the
full gamma-ray energy. This is not reflected in the simulated spectra shown in Fig-
ures 3.3 and 3.5, which are simple calculations of the energy deposited within the
gas. In practice, the contribution of this effect could be determined by observing
the change in the Compton continuum as a function of 7 using a shaping amplifier
with a maximum shaping time greater than the maximum expected electron drift
time for a given bias. However, for the high pressure xenon detectors used in this
work, the maximum electron drift times were 30-50 us. Using a shaping time this
large can be detrimental to high resolution spectroscopy as there will be a great
deal of noise in this long time that will be shaped into the overall pulse amplitude.
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3.1.2 Electron Cloud Diameter Calculation

In addition to the energy deposited within the detector, an important parameter
to consider is the size of the electron cloud within the gas. If the electron cloud
diameter is large relative to the pitch of the anodes, it is then vital that the anodes
be operated at a potential difference large enough to collect all of the electrons.
Otherwise, strictly based on the location of the ionizing event, there is a significant
probability that charges will be collected by the non-collecting anode, as previ-
ously detailed in Figure 2.9.

To determine the severity of this problem for the detectors constructed for this
work, the secondary electrons created as a result of gamma-ray interactions within
the xenon were studied using Geant4. In this simulation, if a gamma ray were to
undergo an event creating secondary electrons, the location of each secondary is
monitored relative to the original location of interaction as shown in Figure 3.7.
The largest distance that a secondary electron reached relative to the starting posi-
tion was recorded as the diameter of the electron cloud for that event. This diame-
ter was then averaged over 10° incident gamma rays. For xenon with a density of
0.5 g/cm?, the average initial electron cloud diameter was calculated to be approx-
imately 3.2 mm. The detectors in this work have a 4 mm pitch with anode strip
widths of 0.01 inches and 1 mm for the helical and parallel plate designs respec-
tively. This means that, simply by considering the ratio of the calculated electron
cloud diameter to the pitch and width of the anodes and neglecting the effects of
electron diffusion, 100% of the events with the parallel plate detector and approx-
imately 85% of events for the helical detector will have a portion of the electron
cloud created above the non-collecting anode.

3.2 Electrostatic Simulations and Calculations

The predominant calculation required for both the helical and parallel plate de-
tectors involved the determination of AVy,,, the minimum potential difference

between the two anodes such that all of the electrons would be collected by the col-
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Figure 3.7: [llustration of the technique used to calculate the electron cloud diam-
eter. In this example, the red dashed line indicates the cloud diameter to be as-
signed to this particular event. The sinusoidal arrows represent photons whereas
the straight arrows indicate the path of a secondary electron created through vari-
ous interactions.
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lecting anode. The results for the helical detector, as will be described in Chapter
5, indicated a disagreement between the value of AV, as predicted by Coulomb
and the experimental results, thus motivating the work to develop an analytic so-
lution for the potential within this detector. As a result, Coulomb was only used for
creating the design of the parallel plate detector. Once this design was established,

numerical methods were used to determine AV,;, for this detector.
3.2.1 Coulomb 4.0 Simulation of Helical Detector

A simplified model of the helical detector was created with Coulomb 4.0. In this
model, the anode wires for simplicity were modeled as conducting strips located
on the cylindrical surface of the rod. In the real detector, the wires sat in a groove
in the ceramic. Figure 3.8 shows the geometry used for this simulation. Once the
helical detector was drawn, a cathode bias of -5 kV was applied and the poten-
tial along a line on the anode rod surface was calculated as a function of AV. The
purpose of this calculation was to determine an approximate value for AV, by
determining the value of AV along this line such that there would be no local max-
ima in the potential near the non-collecting anode. The results of this calculation
are shown in Figure 3.9. As a result of this calculation, it was determined that for
the helical detector operating at a cathode bias of -5 kV, AV, =340 V.

3.2.2 Calculation of AV,,;, for the Helical Detector

Since the results of the helical detector, as will be described in Chapter 5, did not
agree with the above calculated value of AV;,, an analytic solution was deter-
mined for the helical detector. Unlike previous results presented for coplanar de-
tectors in rectangular coordinates, the solution for the cylindrical case is more com-
plicated and a solution has not been published. [47] As is done for the solution in
rectangular coordinates, a separable solution is assumed.

Beginning with the Laplace equation,

Vi =0 (3.1)
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where ¢ is the potential. For the sake of simplicity, the anode wires will be treated
as circular resulting in angular symmetry. So the solution will have a form where
¢ =o(r,z) or

¢ = o(r, z) = R(r)Z(z) (3.2)

where R(r) is the radial component of the potential and Z(z) is the axial compo-
nent. In cylindrical coordinates, the Laplacian can be shown to be

18 8 & &

2 -_— T - .
Vi=15Tor T o2

(3.3)

Assuming angular symmetry, the second term of Equation 3.3 can be neglected

and hence the Laplace equation is stated as

1 8 8R(r) 1 8Z(z) _ |
R(T)a_rr or | Z(z) 02 =0. (3.4)

2 < =
VV(rz) "

There are two solutions to Equation 3.4, one for the case where both terms are equal
to zero and the other for the first term and second terms being equal to a constant,

k2. The first solution will have the form
o(r,z) = (C, + CalnTt)(C3 + Cyz) (3.5)
while the second solution will be
o(r, z) = (CsJy(kr) + CeYy(kr))(Cret** + Cge™ %) (3.6)

where J; and Y are the zero-th order Bessel and Neumann functions. The com-

plete solution will be the sum of these two solutions or
o(r,2) = (Cy + Calnr)(C3 + Cyz) + (CsJo(kr) + CsYo(kT))(Cre** + Cge™%*%) (3.7)

whose constants must be determined by the application of the boundary condi-
tions.

The boundary conditions are similar to those used in the calculation of the so-
lution in rectangular coordinates:

L ala(“:illr=a =0
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Figure 3.10: Schematic of the boundary conditions used to solve for the potential
distribution within the helical detector.

2. The period along the z axis is P
3. ¢(b,z) =0
4. 9(a,z) = ¢4(z)

where a is the anode radius and b is the cathode radius. The final boundary condi-
tion represents the fact that the potential will be periodic along the surface of the
anode, given by some function, @,(z). In reality, this function is quite complex, but
is shown in Figure 3.10.

Through extensive calculation, the potential can be solved for the boundary
conditions to obtain

Jo( 27 b)Yo(222 )

2
olr,5) = et Vrelng | Ve Vie) heos e (onm il ol P )
<) = Q-" 209w __ 2 z TolEE ) Yo(BE a) :

2 In, (2% 1) ot P o ;o(%b)fa—Jo(g%a)
(3.8)
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Figure 3.11: Calculated value of AV, as a function of cathode bias for the helical
detector.

where w is the width of the anode. If the Bessel functions are expanded for large x,
the final solution is approximated to be

o nrw 3P
1 . 8 cos(25#) (1+ )
2n(%) T 1r(2w—P)nz=:l n (- )
e
8 cos(""—“’)(1+3,'—") 1
1r(2w—P)nZl nP (1- P y2ln %

i6xna

VC = V'NC[ ], n= 1, 3, 5, .. (39)

A code was written using Matlab to determine for a given value of V¢ the neces-
sary value of V¢ to have a slope of zero directly beneath the non-collecting anode.
So if this value of AV, is determined for a given cathode bias, any value of AV
greater than this should result in complete collection of the electrons by the collect-
ing anode. The results of the calculation of AV,;» as a function of cathode bias are

shown in Figure 3.11 with an example of the critical case demonstrated in Figures
3.12and 3.13.

3.2.3 Simulation of the Paraliel Plate Detector

The majority of the electrostatic simulations performed on the parallel plate de-
tector involved the optimization of the coplanar anode design, which will be dis-

cussed in detail in Chapter 4. However, the analytic solution for AV, was solved
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Figure 3.13: Calculated three-dimensional potential of the helical detector for the
case where AV = AV, for one pitch (4 mm) of the detector.
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for this detector based on previously reported derivations and so the derivation
will only be highlighted here. [47] [49] These calculations were performed for a 4

mm pitch detector with 1 mm strip and gap widths and a 3 cm cathode separation
as shown in Figure 3.14.

As with the helical detector, the solution of AV, involves solving the Laplace
equation for the potential, ¢#(z,y), and then calculating the value of AV where
the slope of the potential equals zero at the non-collecting anode surface. If the

potential is assumed to solve the Laplace equation

Vi¢(z,y) =0 (3.10)
and the following boundary conditions are assumed

1- a¢(azx'y) lz:ﬂ =0
2. The period along the x-axis is P
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3. ¢(z,0) =0
4. ¢(z, D) = ¢p(z)

where D is the detector thickness, then it has been shown that the solution to the
Laplace equation is given by [47]

< 2xn
y 2rn , sinh <y
#(z,y) = Gp + ;an cos :z:(SInh 2’;,"D) (3.11)
where
1 [P
@ =5 / ¢p(z)dr (3.12)
0
and
‘71m
= '—/ op(z)cos —x)d:r (3.13)

For the case where the pitch is much smaller than the detector thickness, Equation

3.11 can be approximated as

o(z,y) = aob- + Zan cos(“m )~ E (3.14)

n=1
By taking the derivative of Equation 3.14, AV, is solved for as the case when the

derivative is zero at the surface of the non-collecting anode. [49] The solution is

= Ve (3.15)

73wy In(cot Z5) + 1

where w is the width of the anode strip and

AV =V = Ve (3.16)

Based on these equations, AV, was calculated for several biases for the parallel
plate detector. These results are shown in Figure 3.15. Hence, for a cathode bias
of -6 kV resulting in the desired electric field of 2 kV/cm, a potential difference

between the anodes of 348 V is required for coplanar mode operation.
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Chapter 4
DESIGN

As described in previous chapters, a coplanar high pressure xenon detector was
constructed of a cylindrical geometry. This detector consists of two wires helically
wound about a central anode rod made of Macor ceramic. As will be detailed in
the following chapters, this detector exhibited strange results that initially could
not be explained. As a result, a second detector was designed and constructed
involving a planar configuration in order to simplify the electric fields within the
detector. In addition, this design would eliminate the possible contributions due
to magnetic inductance from the coiled anodes of the helical detector. Each design

will be discussed here as well as the electrostatic simulation results of each.
4.1 The Helical Design

Of the detectors built for this work, the helical detector was built first. Its design
poses a simple solution to the problem of creating a cylindrical coplanar anode
detector. However, the design of a coplanar high pressure xenon detector poses
a problem uncommon to semiconductor coplanar detectors. For a semiconductor,
the electrodes are photodeposited directly to the surface of the detecting medium
and all connections are made on the back of the electrodes. The means that the
wires that carry any bias or charge are not within the detecting region of the de-
tector resulting in distorted fields. However, with a gas detector, it is necessary
to provide some sort of support mechanism for the anodes. So consideration was
required in the design in order to eliminate the need for connection wires within

the gas that would distort the field.

As a result, a design was developed to create a simple coplanar detector using
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Figure 4.1: Drawing of anode configuration of the helical detector. The solid and
dashed lines represent two different wires wound about the ceramic core compris-
ing the collecting and non-collecting anodes. The pitch of the wires is 4 mm.

two wires helically wound about a central Macor ceramic rod that is one inch in
diameter and 10 cm long as shown in Figure 4.1. The anode rod was placed in a
pressure vessel with cylindrical shell and endcaps comprised of Macor. The cath-
ode is made of a cylindrical shell lined with a silver foil. The wires for the cathode
bias as well as the two anode wires connect to Kings Electronics 5kV high pressure
bulkhead connectors. A complete schematic of the detector is shown in Figure 4.2.

The strongest influence to the design was electronic noise considerations. Many
high pressure xenon detectors have reported higher than acceptable values for ca-
pacitance, which increases the electronic noise. Hence, the detector was designed
to minimize the contribution of detector capacitance on the overall electronic noise
while maximizing the detector efficiency.

The result is a detector with a pitch of 4 mm. It was calculated via electrostatic
simulation with the Coulomb 4.0 package that this pitch width resulted in a ca-
pacitance between the anodes of less than 50 pF while also not requiring a very
high potential between the two anodes to ensure complete charge collection on the
collecting anode. Macor was chosen for the core due to its excellent properties as
an insulator (Macor has a bulk resistivity of 10!’Q-cm), thus minimizing the leak-

age current between the anodes. Additionally, Macor is commonly used with high
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Figure 4.2: Schematic of the complete helical detector. The outer walls of the pres-
sure vessel (not shown) are made of stainless steel.
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pressure xenon detectors due to its minimal outgassing to prevent contamination

of the xenon.
4.1.1 Electric Field Considerations

In order to design a detector for coplanar mode operation, it is also necessary to
consider the electric field within the detector. Before construction, it is necessary
to know if it is possible to attain the required value of AV for complete charge
collection on the collecting anode.

The formalism in Chapter 3 developed a solution for the required AV as a func-

tion of cathode bias:

L8 S cosCE) (r )
2in(g) 1r(2w-P)n_l n (1-

Towna)
Ve = Vnel ey (4.1)

cos( 2% ) (1+ 22

8 —~ 1
x{(2w—P) Z n (1-
n=1

2ln g

)
16xna )

where V¢ is the critical bias of the collecting anode, V¢ is the bias of the non-
collecting anode, P is the pitch, w is the anode width, a is the anode radius, and &
is the cathode radius. For a cathode bias of -5 kV, the critical potential difference,
AVpin, was determined to be 362.6 V. It is also important to develop an under-
standing for the weighting potential within the detector. The weighting potential
is calculated by applying 1000 V to the collecting anode with 0 V applied to both

the cathode and non-collecting anode. The results of this calculation can be seen
in Figure 4.3.

4.2 The Planar Detector

As previously discussed, the planar detector was built to simplify the design and
to be used as a “proof-of-principles” detector. The first consideration made was
for the pressure vessel of this detector. It is easier to construct a pressure vessel
in a cylindrical shape as this minimizes the stresses on the joints of the vessel. It
was decided that a previously-constructed vessel of cylindrical geometry would be

used temporarily and, should the principle of coplanar operation be demonstrated,
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Figure 4.3: Calculated weighting potential for the helical detector.

a more permanent housing could be constructed in the future. The pressure vessel
used for this detector is described in [98].

Additional considerations were placed on the cathode to anode separation. Pre-
vious results have shown that an electric field greater than or equal to 2 kV/cm is
required for high pressure xenon detectors in order to minimize the probability of
electron trapping within the drift field. [65] As such, it was decided that the sep-
aration between the cathode and anode would be 3 cm. With a cathode bias of -6
kV, this would adequately provide the necessary electric field.

The final design consideration involved the anode itself. In order to minimize
the region of dead space around the anode in a cylindrical pressure vessel, a circu-
lar pattern was required. There are several ways that this could be achieved. First,
a series of rings could be made with many wires connecting them on the back side
of the surface. Another possibility is to make two interdigitized spiral patterns
to achieve the same result. The later was the decided pattern since it would re-
quire the least number of wires floated behind the anode surface. This reduced

problems in anode construction while also minimizing the possible contributions
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to the electric field and capacitance of these wires.
4.2.1 Balancing the Weighting Field

Considerable attention to the design of the anode pattern was required in order
to minimize the difference in weighting potentials between the two anodes. The
difference between weighting potentials of the two anodes needs to be as small
as possible across the entire detector. This is because, as previously stated, any
difference in the weighting potential will result in a difference in the measured
induced charge, which would create a variation in the measured total energy de-
posited. The outcome of such variation would be a fluctuation in the position of
the photopeak and an overall loss of energy resolution. [51]

In the work on CdZnTe coplanar anode detectors, it was discovered that a bal-
anced weighting function resulted from a detector with varying strip widths on
the outer portion of the detector, referred to in the literature as the “generation
3 design.” [51] Hence, it was decided that the high pressure xenon spiral anode
should follow similar behavior. To maintain design similarity with the helical de-
tector, the pitch of the parallel plate detector was chosen to be 4 mm. A peripheral
electrode was added to the boundary of the anode structure to further balance the
weighting field. A sample of the spiral pattern can be seen in Figure 4.4.

Simulations of the anode grid pattern were conducted using Coulomb 4.0. The
width of the outer portion of the anode strips was varied and the resulting weight-
ing potentials were examined for several strip widths. This was done by applying
a bias of 1000 V to the anode whose weighting potential was to be calculated and
the other electrodes received a bias of 0 V. The weighting potentials were exam-
ined along a line located at one pitch width (4 mm) below the anode surface where
the difference in weighting functions between the two anodes most dramatically
affects the spectra. Figure 4.5 shows the data for the case where the width of the
thick portion of the anode is 1.5 mm and that of the thin anode is 0.75 mm.

In order to ascertain the ideal anode dimensions, it was necessary to examine

the difference in weighting potentials between the two anodes for a variety of ra-
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Figure 4.4: Spiral pattern used for the planar HPXe detector. The inner electrode
strip and gap widths are 1 mm creating a total pitch of 4 mm. The “y direction” is
considered to be in the vertical direction.
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Figure 4.5: The calculated potential 4 mm below the anode surface along a vertical
line through the center of Figure 4.4 with 1000 V applied to the anode of interest.
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Figure 4.6: The calculated difference in weighting potential expressed in percent-
age between the two ideal anode designs.

tios between the thick and thin strips. By this analysis, it was determined that the
two optimal values, expressed as a ratio of narrow to wide strip thicknesses, were
0.75/1.5 mm and 0.75/1.75 mm. The difference in weighting potential for these
two cases can be seen in Figure 4.6.

While it appears from initial inspection that the ratio of 0.75/1.5 mm yields the
smallest difference in weighting potential, it is also important to consider these
variations as a function of area of the anode surface. Hence, the results presented

in Figure 4.6 were weighted as a function of anode area by
2

? =2 ”—(;‘2(%:)' ) (26, (+2)
where o is the area-weighted difference in weighting potential, ry,,, is the total area
of the anode surface, and Ag,, is the calculated difference in weighting potential
at the given radius. Based on the results demonstrated in Table 4.1, it was decided
that the ratio of 0.75/1.5 mm was optimal.

The anode structure was initially made by depositing a thin layer of gold onto

an alumina (Al,O;) ceramic with copper wires brazed to the surface for the three

electrode connections.
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Table 4.1: Comparison of area-weighted difference in weighting potential
Thickness Ratio (mm) | o (%)
0.75/1.5 | 8.41
0.75/1.75 | 12.40

4.2.2 Calculated Values for the Minimum Potential Difference Required for
Complete Charge Collection
As previously stated, the drift electric field should be at least 2 kV/cm in order to
minimize the probability of electron trapping within the bulk of the gas. It is also
necessary to determine the minimum required potential difference between the
two anodes for the planar detector for complete charge collection on the collecting
anode. Unlike the case with the helical detector, it is much easier to solve this
problem for the planar detector. If the anode surface is approximated as an infinite
surface with parallel anode strips, it has been shown that the minimum potential
difference, AVp,n, can be calculated using Equation 4.1. It was found that AV, =

348 V when the cathode bias is -6 kV or AV,,;» = 232V when the cathode bias is -4
kV.

4.3 Preparation of the HPXe Fill Gas

In addition to the electrical requirements on the anode structure, there is also sig-
nificant emphasis that must be placed on the xenon itself. “Research grade” xenon
is not sufficiently pure for use in high pressure xenon spectrometers, requiring sev-
eral phases of purification to meet this requirement. Most purification techniques
involve spark chamber purification, the use of an oxisorb, and a high temperature
getter, or some combination of all of these. For the xenon used in this experiment,
the gas was sparked in a titanium spark purifier for approximately three days be-
fore being introduced to the pressure vessel.

Prior to the release of the xenon from the spark chamber, it is necessary to re-
move all of the air from the regions of the fill station where the xenon will pass.

This is done first by establishing a preliminary vacuum with a roughing pump
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Figure 4.7: Schematic of the gas purification system used for the xenon in this
work.
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and then further decreasing the pressure with a turbo pump. Once a pressure of
approximately 107 Torr is achieved, the pressure vessel and all fill station compo-
nents exposed to air are heated to 200 °C. This temperature is sufficiently high to
prevent the water vapor from adsorbing onto any metal within the system. By bak-
ing these parts at this temperature for three days, the water is evaporated and re-
moved from the system. Once the bake is completed, the xenon can be introduced
into the pressure vessel without fear of contamination. Based on the isotherms
presented in [74], a pressure of approximately 750 psi at room temperature was

introduced into the vessel to provide a density of approximately 0.5 g/cm?.
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Chapter 5

RESULTS AND ANALYSIS OF THE HELICAL
DETECTOR

Two helical detectors were initially of identical design with a volume of 735 cm?.
The two detectors, made of stainless steel pressure vessels, were filled to densities
of 0.4 and 0.6 g/cm®. However, while the second detector was being completed,
an important discovery was made about the anode wire size that will be described
later in this chapter. As a result, the first detector received replacement anode
wires of a larger diameter before the completion of the second detector. The sec-
ond helical detector has the original wires for the anodes and thus was not used
for extensive experimentation. The following sections describe the experiments
performed either to obtain the initial results of each detector or to diagnose the

problems with the detectors.
5.1 Initial Results

The helical detector was initially connected and charge pulses were observed from
the AmpTek A250 charge-sensitive preamplifiers at a cathode bias of -5 kV with
no potential difference between the two anodes. Pulses of 3-5 mV were observed,
most of them shared between both anodes. This indicated that the xenon was pure
enough to conduct the experiments.

Based on the calculations presented in Chapter 4, the minimum potential differ-
ence of approximately 363 V was expected in order to ensure complete collection
of the electrons on the collecting anode. Once it was verified that the gas was
sufficiently pure, AV was increased in small increments and the spectrum was ob-

served as a function of this increase. However, at the calculated anode potential
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difference of AV = 363V, the pulses did not appear to be coplanar. For a detector
operating in coplanar mode, there should be an initial increase in the signal on
both anodes corresponding to electrons moving in the bulk of the detector. When
they move away from the non-collecting anode towards the collecting anode, the
signal on the non-collecting anode should become of opposite polarity to the col-
lecting anode, as demonstrated by the weighting potential shown in Figure 2.7.
However, at AV = 363 V, the pulses on the non-collecting anode looked identical
to the collecting anode. This suggests that AV was not large enough to collect all
of the electrons on the collecting anode, thus not achieving coplanar mode opera-
tion. Even at AV = 800 V, coplanar mode operation had not been achieved - even
at this bias of more than twice AV,,,,, there were still pulses on the non-collecting
anode of the same polarity as the collecting anode. Sample pulse waveforms are
shown in Figure 5.1 where the output of the collecting anode is in yellow, that of
the non-collecting anode is in green, the subtraction signal is in purple, and the
shaping amplifier output is in pink. As a result, AV was further increased in order
to observe the changes in the spectrum. Even at AV = 1500 V, there was no pho-
topeak observed in the difference signal nor had the pulses started to appear to be
coplanar. Additionally, no clear photopeak was evident in the spectra, as shown
in Figure 5.2.

Since coplanar mode operation had not been achieved at such high values of
AV, the cathode bias was decreased by 40% to -3 kV so it would be possible to run
with a lower AV to collect the electrons without sparking. For a cathode bias of
-3 kV, the minimum potential was calculated to be AV,,,, = 217.6 V. At this bias
setting, AV was again increased while observing the results on the spectra. When
AV = 600 V, a photopeak became evident in the spectrum, which became a clear
photopeak at AV =900 V. Spectra were taken for both the collecting anode and the
output of the subtraction circuit as shown in Figure 5.3. Is it evident from the figure
that the pulses from the subtraction circuit were larger than those of the collecting
anode, as shown by an increase in channel number of the photopeak. This indi-

cates that the pulses on the non-collecting anode were opposite in polarity of the
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Figure 5.1: Sample pulses obtained with cathode bias of -5 kV and AV =800 V on
a time scale of 200 us/division.
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Figure 5.2: '*"Cs spectrum for the helical detector with a cathode bias of -5 kV and
AV =1500 V.
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Figure 5.3: Initial spectra from the collecting anode and subtraction circuit for "*"Cs
with AV =900 V and a cathode bias of -3 kV.

collecting anode, at least some of the time. However, when the pulse waveforms
of the two anode were observed on the oscilloscope, only about 10% of the pulses
on the non-collecting anode were, in fact, of opposite polarity and these tended
to be verv small in amplitude. The remaining 90% of the pulses were of the same
polarity or pulses on the collecting anode. So while a photopeak was visible at AV
=900V, the collecting anode was still not collecting all of the electrons. As AV was
increased to even higher values, there was no improvement in the photopeak of
the spectrum.

Based on the initial spectra and the observations made on the pulse waveforms
of the non-collecting anode, it was clear that there was a problem collecting all of

the electrons on the collecting anode. The design of the anode rod was considered

as one possible means of failure.
5.2 Anode Wire Replacement

The anode rod itself was machined out of Macor ceramic with a bulk resistivity of

10'"Q-cm. During the machining process, a groove was cut into the ceramic to hold



@ o

Ceramuc inoce roc

Figure 5.4: Representation of the possible problem associated with electrodes sub-
merged beneath an insulating surface. One possible electric field line is shown.

the anode wires. However, the question arose as to how the weighting potential
would be affected if the wires were so far into the groove that they did not have a
direct line-of-sight path to the other wire. A schematic representing this possible
problem is shown in Figure 5.4.

As detailed in Chapter 2, the normalized induced charge or weighting potential
can be understood in a few different ways. For this problem, consider the calcu-
lation of induced charge by means of the method of mirror charges. Based on the
formalism as presented in Chapter 2, it is clear that the charge induced on the con-
ducting surface is equal in magnitude but opposite in polarity to the charge located
a distance d from the surface. This has important consequences to the weighting
potential on the non-collecting anode. From this derivation, it is important to also
consider the induced charge on the non-collecting anode assuming the real charge

is drifting towards the collecting anode. As the charge is far away from the col-



lecting anode, the non-collecting anode has a similar mirror charge induced on
it determined also by the method of images. However, at a point as the charge
drifts very close to the anode surface, the effect of the induced surface charge of
the collecting anode is also perceived by the non-collecting anode. The result is
that the effects of the real and induced surface charges are both observed on the
non-collecting anode. In other words, the sum of both ¢ and —g¢, or electrostatic
neutrality, is induced on the non-collecting anode. So the non-collecting anode no
longer has any induced charge on it from this situation and returns to a normalized
induced charge of zero.

An alternate way of considering this problem is to examine the field lines as-
sociated with the anode rod as illustrated in Figure 5.4. When the anode wires
are submerged in the ceramic rod, it is possible that the field lines could pene-
trate through the ceramic in order to terminate on the collecting anode. However,
electrons will follow the field lines. In this case, it could be that some of the elec-
trons are following the field lines until they impact the surface of the anode rod
where they are trapped on the surface for a time greater than the charge collection
time. If this occurs at a region such that the normalized induced charge on the
non-collecting anode has not yet returned to zero, the detector will not be able to
function in coplanar mode. By increasing the wire diameter such that the wires
protrude from the surface, the percentage of the field lines penetrating the ceramic
surface decreases.

The helical detector was opened and the anode was investigated under a mi-
croscope. The wires used were 0.01 inches in diameter. Under the microscope, it
appeared that they did not protrude from the groove, thus potentially causing the
aforementioned problem. They were replaced with wires that were 0.015 inches
in diameter, large enough to protrude about half-way from the groove. A com-
parison of the spectrum resulting from this change is presented in Figure 5.5 with
a second spectrum presented in Figure 5.6 with a pulser peak to demonstrate the
significance of electronic noise on the results. In Figure 5.6, taken at AV =600V,
the pulser FWHM is 166.63 channels, corresponding to 6.8% FWHM of electronic
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Figure 5.5: Helical detector spectra for the original and new anode wires, obtained
with a cathode bias of -3 kV and AV =700 V.

noise for the photopeak. As is evident, the quality of the photopeak demonstrated
a clear improvement, even at a lower value of AV. This indicates that the slight
change of wire diameter made a significant improvement on the weighting poten-
tial of the detector.

After the above spectrum was obtained, AV was increased to try to obtain
coplanar mode operation. As it was increased, the pulse waveforms were mon-
itored to look for signs of the non-collecting anode pulses becoming of opposite
polarity as the collecting anode. However, as AV was increased, the pulses on
the non-collecting anode did not all become negative in polarity. At AV = 1500
V, approximately 30% of the pulses on the non-collecting anode were positive in
polarity, just like the collecting anode, but still smaller in amplitude. They did not
equal the amplitude predicted by Figure 4.3. Approximately 40% of the pulses seen
on the collecting anode had no corresponding pulse on the non-collecting anode.
The remaining 30% of the non-collecting anode pulses were negative, but much
smaller in amplitude than the pulses on the collecting anode. This demonstrated
that, despite the fact that the calculations showed the required value to be AV =
217.6 V for a cathode bias of -3 kV , the helical detector was still not capable of op-
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Figure 5.6: '*"Cs spectrum obtained with the anode wire refit with a cathode bias
of -3 kV and AV =600 V.

erating in full coplanar mode, as defined by the potential difference between the
anodes such that 100% of the pulses on the non-collecting anode were of opposite
polarity to the collecting anode. As AV was increased beyond 700 V, the resolution
of the photopeak did not improve, as would be expected for a detector reaching
coplanar mode operation. When AV was increased to 1750 V, the detector sparked,
indicating that AV could not be increased further.

There are a few other important features to note about the spectrum shown in
Figure 5.5. First, the photopeak is clear, but the resolution is quite poor: 9.03%
FWHM. A second feature is the spectrum at energies less than the Compton edge.
Instead of a flat continuum, an exponential is present. In fact, this shape is present
in other works on high pressure xenon detectors that do not use coplanar anodes.
[104] [74] [15] This feature is reduced for the case where the anode wires are larger,
indicating more of the low energy events of the original wires were at a larger pulse
amplitude since the detector was closer to attaining coplanar mode operation.

This effect can be explained by considering the drift velocity of the electrons
in a large detector. The drift velocity of electrons in high pressure xenon at bi-

ases sufficient to collect all of the electrons is approximately 1 mm/us. So if an
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electron was created near the cathode and traveled the entire distance to the an-
ode to be collected (a total of 37.3 mm), it would take approximately 37.3 us to
travel this distance, neglecting any lateral movement required to be collected by
the collecting anode. However, most of the interactions within the xenon will not
be single-event interactions such as from the photoelectric effect. Compton scatter
dominates at the energies of interest in this work. If some charge was created by
a Compton scatter near the cathode and the scattered gamma ray deposited the
rest of its energy near the anode, these two events could be separated by a max-
imum of 37.3 us. The maximum shaping time of the shaping amplifiers used in
this work (Ortec model 672 or Canberra model 243) was 16 ps. So if the gamma
ray events were separated by more than the shaping time, they would be recorded
in the spectrum as two lower energy events instead of two events depositing the
full gamma-ray energy. The drawback to using a larger shaping time is that more
noise is included in the shaped peak. This concept has been described in Chapter

3 and poses a possible reason for the shape of the Compton continuum seen here.
5.2.1 Electron Cloud Considerations

Despite the fact that the complete electron collection on the collecting anode had
not occured, for a single electron created in the detector, there should occasion-
ally be pulses observed of the proper waveform since AV should have been high
enough to completely collect at least some of the electrons on the collecting anode.
In other words, there should have been observed a few cases where the pulses on
the non-collecting anode were equal in magnitude yet opposite in polarity of the
collecting anode.

This argument assumes, however, that the electrons are confined to a single
point in space. This is not an accurate assumption since the energy deposition of a
gamma ray creates an electron cloud of finite size. If the cloud size was reasonably
large relative to the anode pitch and AV was not sufficient to collect all of the
electrons on the collecting anode, there would be charge sharing between the two

anodes. The result would be a pulse seen on the non-collecting anode that had
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some positive pulse contribution due to the collection of electrons there.

In order to determine the severity of this potential problem, the electron cloud
size was calculated using Geant4 for high pressure xenon as a function of gamma-
ray energy and gas pressure as detailed in Chapter 3. For a gamma-ray energy
of 662 keV with a xenon gas density of 0.5 g/cm?, the resulting electron cloud
diameter is approximately 3.28 mm. The pitch of the helical detector, on the other
hand, is 4 mm with 2 mm in between any two electrodes. The ratio of the electron
cloud diameter to the pitch would indicate the probability of there being electrons
created directly above the non-collecting anode where the field lines would not
bend enough to allow for their collection. So for a cloud diameter of 3.2 mm and
a pitch of 4 mm, only 20% of the time would there be no overlap of the cloud
directly over the non-collecting anode, as demonstrated in Figure 2.9. So if AV
was not sufficient to completely pull the electrons to the collecting anode, there
would always be some contribution due to charge sharing on the non-collecting
anode.

Since the pitch and the electron cloud diameter are comparable, then 80% of the
time if AV is zero or less than AV ,,,,, there will be some contribution due to charge
sharing. This further requires that AV needs to be sufficiently large to collect all

electrons on the collecting anode.
5.2.2 Electronic Noise Analysis

While there were not significant coplanar pulses observed, there was still a pho-
topeak evident in the spectra as shown in Figure 5.5. It is important to consider
what the contributions are to the photopeak broadening in this spectrum to deter-
mine if they may be eliminated or minimized by a redesign of the system. The
possible sources of noise internal to the detector include bulk leakage current, sur-
face leakage current, and detector capacitance. The later can come from many
sources including anode-cathode capacitance, anode-anode capacitance, capaci-
tance between the anodes and the pressure vessel, and stray capacitance between

the connectors and overall detector structure.

70



10 - S - e

—8— V=0V
—¥— AV =600V

@
® & av=1200V v
c
aQ
S ¢-
g -
[+]
c
S -
3 v -
@ ——la :
E /J: T
S s
s 8
=
T
2
U
7 —_—— e
0 1000 2000 3000 4000 5000

Cathodge Bias (voits)

Figure 5.7: Measurement of the bulk leakage current contribution to the electronic
noise of the helical detector.

In order to determine whether bulk or surface leakage currents were the source
of significant electronic noise, a test pulse signal was used and the electronic noise
was measured in terms channels of the full width at half maximum of the pulser
peak. In order to determine the influence of bulk leakage current, the noise was
measured as a function of cathode bias for a few different values of AV. This is
shown in Figure 5.7. It is clear based on this data that there is not significant fluc-
tuation in the electronic noise as a function of cathode bias, thus indicating that
the bulk leakage current is not a significant source of the noise. The same measure-
ment was repeated measuring the pulser FWHM as a function of AV as presented
in Figure 5.8. Here again there is no significant change in the electronic noise,
which suggests that surface leakage current is not contributing significantly to the
photopeak broadening.

Finally, the capacitance between the anodes should be considered as a possi-
ble source of photopeak broadening. With 0 V applied to both the cathode and
between the anodes, the pulser peak width was measured to be 8.09 channels

FWHM. The main contribution to this noise would be detector capacitance. The
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Figure 5.8: Measurement of the surface leakage current contribution to the elec-
tronic noise of the helical detector.

source of this capacitance was assumed to the be largest measured capacitance in
the detector — the capacitance between the two anodes. This was measured with
an Agilent 4263B LCR Meter to be 48 pF. This value is near the design goals for this
detector and is not very large for a high pressure xenon detector. [97]
Additionally it is important to note the selection of preamplifier for high pres-
sure xenon detectors. The preamplifiers used in this work were AmpTek A-250
charge-sensitive preamplifiers, a common choice for semiconductor spectrometers.
These were chosen so more direct comparisons could be made between a coplanar
xenon and coplanar CdZnTe device. Using the default teedback loop emploving a
1 pF capacitor, Cr, we would expect a pulse amplitude given by
Q _nge WEe
Cr  Cr Cr

where Q is the charge created in the detector created by ng electrons of unit charge

" =

(5.1)

e, determined by gamma-ray energy E and I1’, the mean number of electrons per
unit energy. In the case of 662 keV photons in xenon with a W-value of 21.9 eV /ion
pair, this would create a 5 mV pulse, assuming a 1 pF capacitor. CdZnTe, on the
other hand, has a W-value of 4.7 eV /electron-hole pair resulting in a 22.6 mV pulse.
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Hence, the signal-to-noise ratio for xenon using the default feedback loop and the
same base electronic noise as a CdZnTe detector will be decreased from 11.3 to 2.5
assuming a constant 2 mV of electronic noise. However, the width of the pulser

peak is less than that of the photopeak, so the problems cannot be entirely at-

tributed to electronic noise.

5.3 Possible Coplanar Mode Failure Mechanisms

[tis clear based on the fact that coplanar pulses were not seen at the predicted value
of AV, or even several times that value, that there must be some process prohibit-
ing the coplanar mode operation from working. There are several possible causes
of this that will individually be considered. These include signal coupling from
inductance or capacitance between the anodes, charge sharing due to an insuffi-
cient potential difference between the two electrodes, and the effects of stationary

surface charge on the surface of the anode rod.
5.3.1 Mutual Inductance Between the Anodes

Since the helical detector was comprised of two coiled wires carrying current, the
possible effects of mutual inductance must be considered. This occurs as a result
of a change in charge flow between the two coils which creates a magnetic field.
This magnetic field can then induce a signal on the opposite coil. The voltage of
the induced signal, 1;,, is determined by

_\1;n=?§é-dz“= _4 [543 (5.2)
( dt /s

where [ is the path, B is the magnetic field, and S is the cross-sectional surface area.
Hence, a change in the current on an electrode will create a changing magnetic
field. This field will then induce a current on the neighboring electrodes.
Coupling of any kind can have detrimental effects to the operation of any copla-
nar anode detector. It is possible, based on Equation 5.2, that there could be an
inductively-coupled signal. So for any change in magnetic field, which would be

the result of changing current on the anode coils, a signal would be induced on
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the opposite anode. If this system is considered to be an RL circuit, the induced
current will have an angular frequency that is inversely proportional to the square
root of the inductance. Additionally, the induced current will be 90 degrees out
of phase of the charge. This implies that an inductively-coupled anode coil could
also exhibit a delay between the measured signals on each anode.

It was not possible to make a measurement of the inductive coupling with the
detector itself since the anode rod was not accessible. In order to determine if
the mutual inductance could be the dominating factor, a test rod was constructed
identical to the rod in the detector. Using a tail pulse generator, a charge was
injected at various points along the rod and the output signal of each electrode
was observed on an oscilloscope. The experimental setup is shown in Figure 5.9.
A sample of the resulting pulses is shown in Figure 5.10 for a 58 mV input pulse
(shown in yellow). This figure illustrates that there is some coupling between the
two anodes, as evidence by the induced pulse on the non-collecting anode (shown
in green). The results of similar measurements for various input pulse amplitudes
and charge injection locations are presented in Table 5.1.

As is demonstrated by Figure 5.10 and Table 5.1, there is some sort of crosstalk
between the two anodes. When a signal is generated on an anode, a signal is in-
duced on the other anode. At small output voltages comparable to the expected
voltages resulting from the deposition of 662 keV, this effect is quite small, if appar-
ent at all. However, it becomes more prominent as the pulse amplitude is increased
and could be an important clue to the failure of the helical detector. To determine
if the magnitude of this crosstalk was related to the position on the anode rod, ex-
periments were performed with the point of injection changing. A change in the
magnitude of the coupling would suggest inductive coupling, since the inductance
would increase with the number of turns of the inductor. Hence, the same test was
repeated for the 18 and 58 mV pulse with the point of injection midway down the
rod. Based on the data presented in Table 5.1 where the output was observed as a
function of charge injection location, the magnitude of the induced signal did not

change with test pulse injection position. However, this is not conclusive evidence
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Figure 5.9: Schematic of initial anode rod simulation experiment. Charge is in-
jected through a 2 pF capacitor on the upper left. The dashed lines indicate the
electrode the induced signal is expected to appear on. The signal is measured
through a charge-sensitive preamplifier.

Figure 5.10: Sample data for the inductive coupling measurement where a 58 mV
voltage pulse (yellow) is injected as a charge pulse on one anode while observing
the coupled signal (green) on the other anode.
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Table 5.1: Results of inductive coupling measurement

Input Pulse Am- Charge Injection Coupled Pulse
plitude (mV) Locaton Amplitude (mV)
2.5 end of rod 0
18 end of rod 2
58 end of rod 5
18 midway down rod 2
58 midway down rod 5
18 3/4 of the way down the rod 2
58 3/4 of the way down the rod 5

Figure 5.11: Schematic of initial anode rod simulation experiment, similar to that
shown above. In this case, the charge is injected from the opposite side of the rod.

that the coupling is inductive.

In order to determine this, the input signal was moved to the opposite side of
the test rod. This is analogous to flipping the leads of the circuit. The setup for this
experiment is shown in Figure 5.11. If the induced signal originated from inductive
coupling, the polarity of the induced pulse should be the opposite as the first case
since the magnetic field creating the induced current has changed direction. The
results of this experiment are shown in Figure 5.12. As is clear from the figure,
the polarity of the induced signal did not change. Therefore it was concluded that
inductive coupling could not explain the failure of this detector design.
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Figure 5.12: Output of the inductive test with a 58 mV pulse injected with the leads
reversed.

5.3.2 Capacitive Coupling of the Anodes

Another possibility for the failure of the coplanar technique on the helical detector
is capacitive coupling between the anodes. If the capacitance between the anodes
of 48 pF was too high, charge induced on the collecting anode would be shared
on the non-collecting anode. So both anodes would measure a signal of the same
polarity. Since some crosstalk was observed in the previous experiment, an addi-
tional experiment was conducted to explore these effects further.

In order to ascertain if the capacitance was a problem, an experiment was per-
formed with the preamplifiers as shown in Figure 5.13. The output of the pream-
plifiers was observed on the oscilloscope to determine if there were any variations
in pulse height between the two cases. Such a variation would indicate the ratio
of capacitive coupling between the anodes. If one considers the equivalent circuit,
it should be noticed that the capacitance between the anodes and the AC coupling
capacitor are parallel capacitances. In this case, the charge should go to the higher
capacitance. So this experiment will provide a qualitative measure of the anode-

to-anode capacitance relative to the 2 nF AC coupling capacitor. It was expected
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Figure 5.13: Setup for the measurement of capacitive coupling. In the first case,
the pulse height of a test pulse is measured with the anode floating. In the second
case, one anode is connected to the preamplifier while the other is grounded.

that, should there be excessive capacitive coupling, the pulse height without the
detector connected should be greater than the case where the detector was con-
nected. The results of this experiment are shown in Table 5.2. As is clear in the
table, a difference of 0.25% between centroid locations for the two cases is mea-
sured. Therefore it was concluded that the anode-to-anode capacitance was small
relative to the coupling capacitor. The electronic noise, shown as the FWHM of the
shaped gaussian peak obtained on the multichannel analyzer, did increase signifi-
cantly in these two cases. This is expected since the electronic noise should increase
with even a slight increase in input capacitance such as from the addition of the 48
pF between the anodes. Therefore, it was assumed that capacitive coupling was

not the cause of the coplanar mode operation failure.
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Table 5.2: Results of capacitive coupling measurement between the two anodes
| Shaped Pulse Height | Centroid Channel | FWHM
Detector not connected 4969 V 2013.69 | 4.89
Detector connected 5.000 vV 2018.72 i 899

5.3.3 Surface Charge Considerations

It is clear from the results presented in previous sections that the helical detec-
tor was incapable of reaching voltages high enough for complete charge collection
on the collecting anode. One possible cause of this is that the minimum poten-
tial difference required between anodes, Al},,,, was not high enough, however it
has been stated that this violates the calculated prediction. Another possibility to
consider is the distortion of the electric field within the detector must be consid-
ered. One possible means of field distortion would be from a buildup of significant
charge on the anode rod surface such that the electric field along a line perpendicu-
lar to both anodes was significantly distorted. For example, if the surface resistivity
of the Macor ceramic was too high, electrons on the surface might not be able to
move towards the collecting anode. If the surface charge density was high enough,
the field could be distorted enough that the non-collecting anode was at a higher
potential than the ceramic surface creating a local maximum of the potential at the
non-collecting anode. In this event, any electrons created by interactions above the
non-collecting anode would not be able to reach the collecting anode since it might
require that they travel through a lower potential region in order to get there.

In order to determine what charge density would be required in order to create
this problem, a simulation was performed using Coulomb 4.0. The helical detector
was simulated with a cathode bias of -5 kV and AV = 1000 V. The potential along
the anode was plotted along a line of constant radius on the anode rod surface
for varying surface charge density. The results of this calculation are presented in
Figure 5.14.

As seen in the figure, for charge densities less than —1 x 107'2 C/mm? (ap-

proximately 6.25 x 10° e~/mm?) the non-collecting anode, simulated at 4 and 8
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Figure 5.14: Calculated potential resulting from varying charge densities on the
anode rod surface.

mm along the rod surface, shows a local minimum in potential. However, as the
surface charge density increased to —1 x 10~!'' C/mm? (approximately 6.25 x 10°
e~ /mm?), the potential at the non-collecting anode was at a local maximum. In
this case, an electron near the non-collecting anode would not be able to reach the
collecting anode since it would have to travel through a region of lower potential.

This can also be approximated using the following equation for surface charge

density:
og=¢E (5.3)

where ¢ is the permittivity and E is the magnitude of the applied electric field. In

the case of cylindrical geometry,
"
E(r)= ——— 5.4
(r) =~ In(2) (5-4)
where 17 is the applied bias, «a is the anode radius, and b is the cathode radius.

For the dimensions of the helical detector and a cathode bias of 5000 V, the electric
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field when r = a is calculated by Equation 5.4 to be approximately 2873 V/cm. If
this value is used in Equation 5.3 approximating ¢ with ¢, the permittivity of free
space, a space charge of 2.54 x 107! C/mm? is obtained. This value agrees well
with the results obtained by Coulomb.

This, however, raises the question of whether or not this is a realistic amount of
charge. In other words, how likely is it to reach electron surface charge densities
this high?

Coulomb, like other electrostatic simulation packages, calculates the potential
using finite element analysis. For example, when a voltage is applied to a particu-
lar surface, that potential is converted to a surface charge and then calcuations are
performed using the Poisson equation for surface charge densities. The same can
be thought of in reverse - if a surface charge density has been supplied to the code,
what is the voltage equivalent if the anode rod is assumed to be a conductor?

[n order to calculate this, a simple simulation was conducted involving a sheet
of area 400 mm-” at a potential of 1000 V. The resulting calculated surface charge
was 5.7 x 107! Cor 1.43 x 1072 C/mm*. Hence, a surface charge density on
the order of 10~'? C/mm? would correspond to a potential of 10* V. This surface
charge would establish an electric field that would be in the opposite direction as
the cathode and anode biases. So at the critical value of the surface charge den-
sity shown in Figure 5.14, the electric field of the detector would be disrupted by
the counteracting influence of the surface charge field. It was, therefore, impor-
tant to experimentally determine if this was happening, which could be done by

measuring the current flowing through the detector.
5.3.4 IV Curves

In order to experimentally verify that the build up of surface charge was not a
problem, current versus voltage profiles, also referred to as IV curves, were ob-

tained. The experimental setup can be seen in Figure 5.15.

With systems operating normally, as the potential difference is increased be-

tween two electrodes, the current should also increase. If ohmic considerations are
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Figure 5.15: Experimental setup used for the IV curve measurements. The current
was measured with a Keithley 6514 System Electrometer.
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assumed, the current should increase linearly with voltage as given by Ohm's law:

=% (5.5)

where R is the resistance between the two electrodes.

IV curves were obtained for the helical detector for several different conditions.
The voltage was varied between 0 V to 1000 V and 0 V to -1000 V. In both cases, the
initial voltage was 0 V and then increased to 1000 V (or decreased to -1000 V) and
then returned to 0 V. The current was measured six times at each voltage in order
to allow the measurement to settle with time. Each of the six measurements was
an average of four values of the current obtained in a short time span. For the data
shown here, the last measurement value of the six values is presented since it was
taken at the longest difference in time from the initial change in voltage, AV.

In order to ascertain the minimum required amount of time for the current to
reach a steady state, the voltage was rapidly increased from 0 V to 500 V and the
current was monitored for 4000 s. The results of this measurement are shown in
Figure 5.16. Based on these measurements, it was determined that waiting for a
minimum of 150 s would be an adequate amount of time to allow the current to
settle. The same measurement was repeated for a rapid increase in potential from
0 V to 1000 V, as shown in Figure 5.17. These results agreed with Figure 5.16. To be
safe, it was decided that the detector would be allowed 300 s in between voltage
changes for which the current to settle.

Once the minimum acceptable time difference between measurements was es-
tablished, the IV curves could be obtained. The first measurement involved mea-
surements from 0 V to 1000 V and then returning to 0 V. The results of this measure-
ment can be seen in Figure 5.18. There are several interesting observations that can
be made based on these results. While the curves show the positive slope predicted
by Ohm'’s law, the current should always be greater than zero if AV is greater than
zero. However, as is shown in Figure 5.18, the current was negative when AV
was below a certain value. Similarly, if AV is negative, the current should also be

negative. This is similarly contradicted by the data for this experiment, shown in
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Figure 5.16: Current stability profile between anodes of the helical detector with
AV =500 V.
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Figure 5.17: Current stability profile between anodes of the helical detector with
AV =1000 V.
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Figure 5.18: IV curve between anodes for the helical detector using the sixth data
point and a time delay of 300s for0 V <V < 1000 V.

Figure 5.19.

Another observation to be made on this data is that the currents measured were
quite small, on the order of 10~"* amperes. However, it was not known if this was
within the noise of the electrometer used for these measurements. Data was then
taken for the case where the electrometer was not connected to the detector in or-
der to ascertain the fluctuations in the measurements. These results are presented
in Figure 5.20. It is clear from the figure that the electrometer demonstrated fluc-
tuations on the order of 107" amperes, three orders of magnitude smaller than the
measurements presented in Figures 5.18 and 5.19. Thus it was concluded that the
data shown in these IV curves were above the noise of the system.

One possibility that was considered was the drift of the current measurements
over the time required to complete the [V curve. Several hours was required to
complete one leg of the measurement. The electrometer could have drifted over
this time thus distorting the results. To rule out this possibility, another curve
was obtained where the voltage was increased from 0 V to 1000 V. At this point,

the measurement was paused while the electrometer was recalibrated. Then the
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Figure 5.20: Current fluctuations observed with the electrometer not connected to
the detector using the sixth data point and a time delay of 300 s.
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Figure 5.21: IV curve between anodes for the helical detector when the electrome-
ter was recalibrated after the first leg.

voltage was decreased back to 0 V. This was also performed for the case where AV
was decreased to -1000 V. The IV curves obtained from this experiment are shown
in Figure 5.21. It is clear from these figures that the current appears to flow in the
wrong direction for cases where ;{AV| < 400 V.

While these results initially seemed peculiar, they can be explained by consid-
ering the work function of the metals involved in this measurement. There are
several dissimilar metals in contact with each other in this setup. The anode wire,
made of nickel, connects to the high-voltage feed-through, made of steel, which is
connected to by a gold connector pin that is soldered to a copper wire that is sol-
dered to a triaxial connector to the electrometer. The work functions for several of
these metals is presented in Table 5.3. Although the actual analysis of this system
is difficult since there are so many dissimilar metals involved, a simple solution is
possible. If the situation is considered where there are two dissimilar metals in con-
tact with work functions given by ¢, and ¢, where ¢, is greater than ¢, (shown in
Figure 5.22), a current will automatically be established. The flow of electrons will

be in the direction of the metal with the lower work function. So any current to be
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Figure 5.22: Representation of current flow with two dissimilar metals in contact
where &, > &,.

measured outside of this system must first increase to the point where it is greater
than this pre-established current before its polarity will make sense. Given the fact
that the currents measured in this experiment were so low, it is possible that the
current generated by the different work functions established a current of opposite
direction than expected. So when the magnitude of AV increased above 400V, the
current along the surface of the ceramic was able to overcome that established by
the contact of the dissimilar metals.

Finally, IV curves were obtained for the same cases as those presented above,
however with a gamma-ray source present. The purpose of this experiment was
to determine if the electrons generated by the gamma-ray interactions within the
gas were capable of reaching the collecting anode or if they were accumulating on
the surface since the leakage current was so low.

In order to conduct this experiment, the potential between the two anodes was
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Table 5.3: Values of the work function for several of the metals used in this experi-
ment [68]
Element | Plane |  (eV)

Au 100 5.47
110 5.37
111 531
Ni 100 5.27
110 5.04
111 5.35
Fe 100 4.67
111 1.81

increased to 1000 V and then decreased back to 0 V (without stopping for recal-
ibration at the endpoints). First the same procedure was followed as previously
described to obtain the IV curves with the cathode floating. Then, the procedure
was repeated with the cathode at a bias of -5 kV. Finally, the [V curves were ob-
tained with a '3"Cs gamma-ray source present. The results from this experiment
are presented in Figure 5.23.

As can be seen in the figure, the IV curves for the first two steps in the ex-
periment look similar to those previously shown. There should be no appreciable
difference between the two since there is a negligible change in current between
the two. However, when the gamma-ray source was added, there was a dramatic
change in the IV curve slope. The measured current saturated to the levels seen in
the first two parts of the experiment at approximately 1000 V.

This result is easily understood by considering what the expected result would
be in a functional coplanar anode system. With no potential difference between
the anodes, the electrons created within the gas, assuming an adequate drift field
is established by the cathode, should move towards both anodes with some prob-
ability. Thus, the grounded electrode attached to the electrometer should see a
large current as a result of these electrons. This is illustrated in Figure 5.24. As
the potential difference, \V, is increased, more and more of the electrons will be
collected by the collecting anode until a value is reached when they all go there.

At this point, the current measured on the non-collecting anode should return to
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Figure 5.23: IV curves taken with the cathode floating, cathode biased at -5 kV, and
cathode bias with a gamma-ray source.

the value that would have been measured if the only source of current was from
the leakage across the ceramic surface.

As it can be seen in Figure 5.23, the current behaves as would be expected for
a properly-functioning coplanar anode device. The current is initially large and
negative illustrating the motion of the electrons towards the non-collecting anode.
However, as AV increased, fewer and fewer electrons go to the non-collecting an-
ode until the current begins to level off for values of AV greater than 800 V. This
demonstrates that the build up of surface charge on the anode rod did not dis-
tort the electric field significantly since, had this been the case, the current would
not have properly flown to the collecting anode when the electrons created from
gamma-ray interactions built up on the surface of the Macor. These results are
puzzling since they indicate the helical detector should have been able to function
in the coplanar mode assuming AV was set greater than 1000 V. However, this was

not supported by the pulse waveforms seen at this low potential.
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5.4 Conclusions about the Helical Detector

While it is clear that the coplanar mode was not achieved with the helical detector,
there are important conclusions to be drawn from the available observations. Most
importantly, all of the presented results show that there is no clear reason why the
helical detector should not work. However, based on these results it was clear
that the helical design was not directly analogous to the parallel plate coplanar
semiconductor devices. So a new device was designed of a parallel plate geometry
to try and determine whether or not a coplanar high pressure xenon detector was
even possible. The results of this detector are presented in the next chapter.

In terms of the helical detector, it is evident that any future redesign must con-
sider the anode structure more carefully. It was demonstrated above that a signifi-
cant improvement in the photopeak was possible simply by changing the diameter
of the anode wires to ensure that they protruded above the carved groove on the
ceramic rod. It is possible that the wires are still not large enough and still limiting
this detector. It is logical to question whether there is a upper limit on the wire
diameter. The wires choser for the replacement were chosen because they best fit
within the groove with a slight protrusion. However, this was only verified by a
rough, visual inspection.

[t was demonstrated that neither the bulk nor the surface leakage current were
dominant sources of noise with this detector. This was not surprising since the
anode rod was made of a very high resistivity ceramic to minimize any surface
leakage current problems. Additionally, the capacitance between the anodes was
measured to be 48 pF — not excessively high so as to prevent coplanar mode oper-
ation.

The possible contribution of mutual inductance was also examined. This was
done by injecting a charge pulse onto an anode rod simulator while observing the
coupled signal on the opposite anode. Since the polarity of the coupled signal did
not change when the direction of the magnetic field was reversed, it was deter-

mined that inductive coupling was not the source of the problem.



The possibility of electric field distortion was also considered from such sources
as too much charge buildup on the anode rod surface. A calculation was per-
formed to determine that a surface charge density on the order of 10~'*C would be
required to significantly distort the field enough to prevent coplanar mode opera-
Hon, but this possibility was eliminated when the equivalent potential was calcu-
lated to be on the same order of magnitude as the cathode bias. However, further
experimentation was conducted on this concept by analyzing the IV curves from
the detector. Based on considerations of the [V curves taken in the presence of a
gamma-ray source, it is clear that the coplanar mode operation should have begun
at potentials of greater than approximately 1000 V. While this was nearly a factor
of two greater than that predicted by the mathematical model, it is still reasonable
since the model makes many assumptions, including that the potential is constant
throughout the detector at the critical point of one pitch width below the anode.

Despite the lack of evidence of coplanar mode operation, this design still has
many advantages and, since a clear reason for its failure has not been demon-
strated, is worth further exploration due to the benefits of operating with a detector

of a cylindrical geometry using a ! field.
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Chapter 6

RESULTS AND ANALYSIS OF THE PARALLEL
PLATE DETECTOR

The parallel plate detector was constructed as a “proof of principles” detector
since, based on the results in the previous chapter, it was not clear that the con-
cept of coplanar anode designs could work. The parallel plate detector was built
to answer this question. The anode structure was placed in an existing pressure
vessel that was not optimized for this structure. As a resuit, there was a dead re-
gion of xenon in a cylindrical shell about the center, active region. Thus, more
counts in the lower energy portion of the spectrum would be expected from down
scatter within this region. The anode design is based on the Generation 3 designs
developed for CdZnTe. [51] Based on the data to be presented in this chapter, it
will be shown that it is possible to operate a high pressure xenon detector in copla-
nar mode. However, there are several limitations on this detector that prevented
good spectroscopic performance. It is possible to either eliminate or minimize the

contributions of some of these factors, as will be described in this chapter.
6.1 Preliminary Parallel Plate Pulses

When the detector was initially connected, the preamplifiers had a feedback ca-
pacitance of 0.3 pF. Assuming a W-value of 21.9 eV/ion pair, a pulse amplitude
of approximately 16.1 mV was expected. However, in the case where AV =0V,
we would not expect that the pulses would be this large since there will be charge
sharing between the anodes as with the helical detector. Since the expected elec-
tron cloud diameter in xenon compressed to 0.5 g/cm?® is approximately 3.2 mm

and the pitch of the parallel plate detector is 4 mm, the electron cloud, prior to any
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diffusion considerations, will be large enough to induce signal on both anodes. It
is only with the application of a high enough AV that charge sharing effects will
be minimized.

Pulse waveforms were observed from a '3Cs gamma-ray source with AV =0
V and a cathode bias of -4500 V. Clear pulses were obtained ranging in amplitude
to approximately 8 mV. The majority of them, as expected, were shared between
the two anodes. Attempts were made to increase the cathode bias beyond -4 kV,
however the detector sparked at approximately -4.5 kV. Unfortunately, at this low
bias, the electric field of 2 kV/cm required to minimize the effects of electron trap-
ping would not be possible. For the protection of the anode preamplifiers, it was
decided that the cathode bias should not be higher than -4 kV. It was hoped that an
electric field of 1.3 kV/cm would be sufficiently high to avoid significant trapping.

The rise times of several pulses were measured in order to determine if there
was significant trapping. For an electron traveling from the cathode to the anode
under the given electric field of 1.5 kV (where measurements were taken before the

detector sparked), the longest pulse rise time can be determined as follows:

N L N (6.1)

Ve 1zm

where v,, the electron drift velocity was chosen to be 1 £ for a field of 1.5 kV/cm
and a density of 0.5 g/cm?®. [74] The rise time of the pulses was measured and it
was observed that the events with the longest rise times had times even slightly
greater than this value. This would be expected if the electrons were traveling at
less than 1 mm/us or of their pathlength was increased due to the lateral move-
ment from the region beneath the non-collecting anode. So it was concluded that
the gas was sufficiently pure so that electrons generated near the cathode could be
collected.

The next step was to increase AV to a value sufficient for complete electron col-
lection on the collecting anode. It was determined in Chapter 4 that, for a cathode
bias of 4 kV, we require AV =232 V. As AV was increased to 106 V, a fluctuation
was observed on the baseline of the signal with the pulses from gamma ray su-
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Figure 6.1: Example of the baseline fluctuation problem for AV = 300 V with no
triggering at a time scale of 20 ms/division.

perimposed on it. This baseline fluctuation was of opposite polarity for the two
anodes. It was found that as AV increased, the fluctuations increased as well.
While their magnitude also fluctuated greatly, it was observed that the magnitude
of fluctuation increased with AV. At AV = 240V, the oscillations were as large as
400 mV with a preamplifier feedback capacitance of Cr = 0.3 pF or 40 mV with Cg
= 1 pF. An example of this fluctuation for the default feedback loop is shown in
Figure 6.1 where the yellow waveform is the collecting anode signal and the green
is the non-collecting anode signal. No fluctuation was observed without a poten-
tial difference between the anodes, but as AV increased, so did the fluctuation.
Since the frequency of the oscillation, while not constant, was of the same order
of magnitude as the rise time of pulses due to gamma rays, the shaping amplifier
was not able to filter it out.

An important observation can be made from the data shown in Figure 6.1. It is
clear that the oscillation seen on the two anodes is opposite in polarity. This would
suggest that there is some sort of charge movement between the two anodes since,

if the signal resulted from somewhere else in the detector it would create a signal

of the same polarity on both anodes.
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In order to determine the source of the fluctuations, the pressure vessel needed
to be opened in order to inspect the detector for damage or other clues that could
indicate a problem. When the pressure vessel was opened, it was discovered that
one of the anode wires was not properly connected. Since it is not possible to use
solder in high pressure xenon detectors because it outgases material that could
harm the gas, all connections in the detector must be either mechanical or made
with a spot welder. In the case of the parallel plate detector, the later technique was
used. When the anode wire connections were inspected, it was evident that one
of the anode wires had not properly been welded resulting in a poor connection.

When the wire was welded again to the connector, the aforementioned baseline

fluctuation disappeared.

6.2 Pulse Waveforms After Detector Repair

Upon repair of the detector, the pulse waveforms were observed with a cathode
bias of -4 kV and AV = 300 V. A sample of the pulse waveforms seen at these
conditions is shown in Figure 6.2. As can be seen in the figure, coplanar pulses
without a baseline fluctuation problem were evident for the first time in a high
pressure xenon detector. The signal on the non-collecting anode was opposite in
polarity as that of the collecting anode. Further data supporting this statement
is evident if the individual pulse is analyzed on a shorter time scale as shown in
Figure 6.3. As is demonstrated in the figure, the signals on the collecting and non-
collecting anode initially increase in the first 20 us of the event. The signals are
equal, as reflected by the fact that the subtraction circuit signal is still zero in this
time frame, in agreement with the predicted weighting potential shown in Figure
2.7. However, at a certain point corresponding to approximately one pitch width
beneath the anode surface, the signal on the collecting anode rises quickly while
that of the non-collecting anode returns to zero, also as predicted. The risetime
in this portion of the pulse is approximately 8 us, which differs slightly from the
expected value of 4 us. However, the predicted value is based on the fact that the
detector has a 4 mm pitch determining that this transition point occurs exactly at
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Figure 6.2: Sample coplanar pulses obtained with a cathode bias of -4 kV and AV
=300 V on a time scale of 100 us/division.

this point beneath the anode surface. In reality, there will be some variation in the
true distance to the anode that this really occurs. Additionally, the value of 4 us
assumes that the electrons are traveling at a velocity of 1 mm/pus. This is the re-
ported velocity for a field of 2 kV/cm, but it may be lower since the pulses shown
in Figure 6.3 were observed with a drift field of 1.3 kV/cm. Lastly, this assumes
that the electrons go directly to the collecting anode without diversion from un-
derneath the non-collecting anode. If the electrons are diverted from underneath

the non-collecting anode, they will in reality travel further than 4 mm.
6.3 New Anode Spectra

Once it was demonstrated that the parallel plate detector was capable of operating
in the coplanar mode, spectra were obtained for a variety of bias conditions. The
spectrum for the comparison case with a cathode bias of -4 kV and AV is shown in
Figure 6.4. A pulser peak is shown in this figure to demonstrate the confribution
due to electronic noise, which has a width of 7.1%. As is evident in the figure, the
photopeak is very broad with a resolution of 14.7 % FWHM. This was improved
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Figure 6.3: Sample coplanar pulses at a time scale of 10 us/division, illustrating
the slow rise as the electrons drift within the bulk and then the deviation between

the collecting and non-collecting anode signals as the electrons are diverted to the
collecting anode.

to 12.7% with 9.8% electronic noise using a different operational amplifier in the
subtraction circuit with a smaller bandwidth (thus resulting in the electronic noise
FWHM decreasing to 5.1%) as shown in Figure 6.5.

First, it is worth determining whether this is an improvement over a classical
gridless ionization chamber. In order to determine this, the parallel plate detector
was operated as a classical ionization chamber with 0 V between the two anodes.
This was then compared to the spectrum with the same bias and AV =300 V as
obtained through the subtraction circuit. The results from this measurement are
shown in Figure 6.6. As is evident from the figure, the spectrum from the classical
ionization chamber shows no photopeak. This is to be expected since the weight-
ing potential for this case would be approximately as shown in Figure 2.1. In this
case, the movement of the slow ions contributes to the signal and the collection
of the full energy deposited within the detector relies on their collection. How-
ever, when AV is increased to 300 V, a photopeak is clear. (Note that the change
in location of the pulser peak is the result of the slight difference of gain between
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Figure 6.4: '37Cs spectrum for a cathode bias of -4 kV and AV =300 V.
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Figure 6.5: '37Cs spectrum for a cathode bias of -3 kV and AV =300 V.
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Figure 6.6: Comparison of the '37Cs spectra for the parallel plate detector operated
in the classical ionization chamber mode versus coplanar mode.

the signal shaped directly from the preamplifier as done for the classical ionization
chamber versus that from the subtraction circuit, which was at a gain higher than
unity.) This indicates that the use of the coplanar anode technique has improved

the spectroscopic performance of the high pressure xenon detector.

6.4 Analysis of Electronic Noise from Leakage Current and De-
tector Capacitance

As with the helical detector, an analysis of the electronic noise was performed in
order to ascertain its major contributors and determine if these problems could be
fixed or minimized in future detectors. The electronic noise was measured through
the subtraction circuit as a function of the different bias voltages both on the cath-
ode and between the anodes. The former bias provided a measure of the contribu-
tion due to bulk leakage current while the later indicated the contribution of the
surface leakage current. A measurement taken with 0 V applied to all electrodes
indicates the severity of capacitance on the electronic noise.

The measurements of the noise due to the bulk and surface leakage currents is
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Figure 6.7: Measurement of the electronic noise of the parallel plate detector as a
function of AV for various cathode biases.

shown in Figures 6.7 and 6.8. As is shown in the figures, there is very little change
in the noise as a function of cathode bias, which agrees with the same data from
the helical detector. This indicates again, as expected, that the contribution due to
bulk leakage current is very small. However, unlike the case with the helical de-
tector, when the surface leakage component was measured a very clear rise in the
electronic noise is observed for cases where AV was greater than 300 V. At lower
values of AV, the noise remains dominated by detector capacitance and the small
contribution of bulk leakage current. This indicates that for larger values of AV,
the surface leakage current begins to dominate. This is not entirely unexpected
considering this anode is constructed of alumina. As previously stated, the bulk
resistivity of alumina is approximately 10'*Q-cm whereas Macor, used in the heli-
cal detector, has a bulk resistivity of 10'7Q-cm. If this is indeed a problem of surface
leakage current, it would be expected that using a higher resistivity ceramic should
decrease the noise.

The contribution of detector capacitance on the electronic noise was measured

to be 7.84 channels, providing a baseline to the subsequent measures of the bulk
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Figure 6.8: Measurement of the electronic noise of the parallel plate detector as a
function of cathode bias for various values of AV.

and surtace leakage current. The capacitance between each measurable structure

is shown in Table 6.1.

As shown in the table, the largest contribution to the overall capacitance is the

anode-anode capacitance, which contributes approximately 62 pF. However, the

boundary electrode-pressure vessel capacitance is also large. This is an impor-

tant measurement based on the area of the boundary electrode, which is much

smaller than any other electrode within the detector. Since it is so small, the major-

Table 6.1: Measurements of the various capacitances of the parallel plate detector

(all units in pF)
Anode 1 Boundary Anode 2 Cathode Pressure
Electrode VYessel

Anode 1 - 38205 |61.33+=0.01 | 30.73=0.01 572
Boundary | 359,95 - 382+0.1 | 30.1=0.1 471
Electrode
Anode 2 62.38+0.01 | 38.17+0.01 - 30.98+0.01 | 50.3%0.5
Cathode 30.69+0.01 | 30.05+=0.01 | 30.90+0.01 - 4542
Pressure 58=1 46.7+05 50+1 44.8+05 -
Vessel
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ity of the capacitance in this measurement is not originating between its area and
the pressure vessel, but the wires and connectors it attaches to. These will have
some capacitance with the surrounding structure, however the exact values of the
wire-pressure vessel and connector-pressure vessel capacitances could not be de-
termined at the time of the measurement as it would require opening the sealed
pressure vessel. This measurement does indicate, however, that there is significant
coupling between the wires and connectors and the vessel itself.

It is also important to consider the other large capacitances measured here,
such as the anode-pressure vessel capacitance. The three largest capacitances in
the detector are the anode-anode, anode-pressure vessel, and boundary electrode-
pressure vessel capacitances. These values will add as parallel capacitance on the
input to the preamplifiers as shown in Figure 6.9. Considering only the contribu-
tions of these three values, the equivalent input capacitance is approximately 166
pF. This is a very large value for a radiation detector relying on the measurement of
small signals and can be a serious limiting factor to its operation. However, based
on the specifications of the preamplifiers used for this work, the resulting noise
from a 166 pF input capacitance is approximately 30 keV, so this noise level is not
unexpected.

To aid in future designs of the coplanar high pressure xenon detectors, it is
important to determine the relative influences on the photopeak broadening from
the electronic noise, detector capacitance, and leakage current. If the broadening
is considered to be a function of only these three components, the contribution of

each can be calculated using

U?otal = Uzlec + Gget (6.2)

where g, is the total measured noise, o, is the electronic noise, and oy, is the
contribution from the detector. For a cathode bias of -3 kV and AV =300V, the total
noise measured was 17.83 channels and the contribution of electronic noise was
measured to be 13.77 channels. Based on this, the contribution from the detector,
such as from capacitance and leakage current, was calculated to be 11.48 channels.
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Figure 6.9: Schematic of the electronic circuit equivalent of the various detector
capacitances. Here, C4_, is the anode-anode capacitance, C.4_py is the anode-

pressure vessel capacitance, and Cgg_py is the boundary electrode-pressure vessel
capacitance.
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Table 6.2: Calculated contributions to the broadening of the photopeak with a cath-
ode bias of -3 kV and AV = 300V

Total measured noise 64.7 keV
Overall noise from detector 53.9 keV
Contribution from capacitance 36.8 keV
Contribution from leakage current | 39.4 keV

If this is further broken down into the contribution of surface leakage current, o;,
and detector capacitance, o¢, the contribution of the leakage current on the signal
can be calculated with

2 2, 2
Oget = O + 05 (6.3)

Using equation 6.3, the surface leakage current was calculated to have contributed
8.39 channels to the measured noise at these bias conditions. The results of this
measurement are summarized in Table 6.2.

It is clear from these results that there are things that can be modified to im-
prove the noise performance in future designs. First, as previously stated, using
a ceramic with a higher bulk resistivity would decrease the observed effects from
surface leakage current, particularly at higher values of AV. It is also clear that a
future design needs to minimize the capacitive component. One way this could
be done is by reducing the wire length between the anode and the high voltage
feed-throughs. Finally, it is clear that with the parallel plate detector, as was true
with the helical detector, that the electronic noise is too high. Future work with
high pressure xenon detectors should investigate the use of different preamplifiers

that are more suited to the small pulses of xenon.

6.5 Contribution of Electron Recombination on the Observed Spec-
tra

As described in the previous section, one of the contributions to the broadening of
the photopeak is the surface leakage current, which begins to dominate at values
of AV greater than 300 V. This is problematic because it was only for values around
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300 V with a cathode bias of -4 kV that coplanar pulses were observed nearly 100%
of the time. As such, while the detector might be operating in the coplanar regime,
the benefits of doing so are lost to the leakage current problem. However, if the
detector could be operated at a lower bias such that a lower AV would be required
for complete electron collection on the collecting anode, it could minimize this
problem. However, as previously stated, high pressure xenon detectors are usually
operated at drift fields greater than 2 kV/cm to minimize the effects of electron
recombination. Hence, it was important to determine what minimum cathode bias
was necessary to prevent charge trapping within the gas.

An experiment was performed where spectra were taken for various cathode
biases with AV at a constant 300 V. These results are presented in Figure 6.10.
There are several pieces of important information that can be obtained from this
figure. First, it is clear that a photopeak is not present, even with a sufficient AV
for a cathode bias of -1.5 kV. As the bias is increased, the photopeak clearly begins
to form and its centroid channel location increases. The presence of the photopeak
indicates that at least a significant percentage of the electrons are being collected
by the collecting anode. The shift in position indicates the presence of electron re-
combination, an effect that will decrease with increasing cathode bias. The FWHM
of the photopeak improves from 17.08% at a bias of -2.5 kV to 12.35% for a bias of
-3.5 kV. However, for a bias of 4 kV, the photopeak has degraded to a FWHM of
14.84%. This is due to the fact that at this bias AV is not quite sufficient to collect
all of the electrons on the collecting anode at this higher cathode bias. This same
measurement was repeated for the case where AV = 400 V, as shown in Figure
6.11. In this data, it is clear that the quality of the photopeak again improves with
increases in AV where the resolution improves from 15.76% at a bias of -2.5 kV
to 12.67% at a bias of -3 kV. In this case, at a cathode bias of -4 kV, the photopeak
resolution has improved relative to the data for the -3 kV bias. However, there is
still a slight degradation relative to the spectra at lower biases. The resolutions are
worse for larger cathode biases such as -4 kV since, even with AV =400V, this is

not sufficient to collect all of the electrons on the collecting anode so the detector is
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Table 6.3: Summary of data from '37Cs spectra for the parallel plate detector as a
function of cathode bias and AV.

Photopeak Photopeak
Cathode Bias (kV) | AV (V) | Centroid FWHM

Channel (channels)
2.0 300 120.3 20.5(17.1%)
2.5 300 130.3 17.6 (13.5%)
-3.0 300 134.0 18.0 (13.4%)
-3.5 300 134.6 16.6 (12.4%)
-4.0 300 138.3 20.5 (14.8%)
-2.0 400 121.6 23.8 (19.5%)
2.5 400 131.2 20.7 (15.8%)
-3.0 400 136.0 17.2 (12.7%)
-3.5 400 136.6 19.8 (14.5%)
4.0 400 138.2 20.5 (14.8%)

not quite operating in coplanar mode. These results are summarized in Table 6.3.

In order to quantify the effect of cathode bias on electron recombination, the
photopeak centroid channel was obtained for both cases where AV = 300 and 400
V. These results are shown in Figure 6.12. For cathode biases greater than -3 kV
(or a drift field greater than 1 kV/cm), the photopeak centroid does not change
significantly. Previous work in high pressure xenon reported that a drift field of 2
kV/cm was required to observe no degradation in the photopeak centroid, so the
purity of the gas is quite high. Hence the detector can be operated with a cathode
bias this low without significant loss of charge between the cathode and anode.
Operating at a cathode bias of -3 kV would require AV =174 V.

6.6 Contribution of Charge Sharing Between the Anodes

The above results demonstrate the effect of cathode bias on the centroid position
of the photopeak. However, this does not quantify the coplanar pulses to indicate
their quality with respect to the percentage of the events that are truly coplanar
pulses. For events that are truly coplanar, there should be no collection of elec-
trons on the non-collecting anode. By simple analysis of the spectra, it is not easy

to determine what percentage of photopeak events truly have complete charge
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Figure 6.10: '37Cs spectra with AV =300 V for various cathode biases.
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Figure 6.11: ¥7Cs spectra with AV = 400 V for various cathode biases.

109



150

145 4

140

135 '/::4”:/"'__“—‘

130 4 /
125 /

120 v
115 4

110 T
—&— AV =400V

105 4 -9— \W=300V

Photopeak Centroid Location (Channel Number)

10C —— ——————

1 2 3 4 ) 8
Cathode Bias (kV)

Figure 6.12: Results demonstrating the effect of electron trapping as a function of
cathode bias.

collection on the non-collecting anode. If even 10% of the electrons created in pho-
topeak events are shared by the non-collecting anode, this can result in a variation
of pulse height through the subtraction circuit of 20%, which can provide a major
source of photopeak broadening.

In order to ascertain the contribution of charge sharing and determine the qual-
ity of coplanar operation of the parallel plate detector, an experiment was con-
ducted examining the subtracted and added signal from the preamplifiers. While
the weighting potential for a coplanar detector has been shown in Figure 2.7, the
signal resulting from the addition of the collecting and non-collecting anodes pro-
vides information on the depth of interaction. The weighting potential for this case
is shown in Figure 6.13. For events originating near the cathode, the subtracted
and added signal should be nearly identical. However, for events originating else-
where in the detector, the signal of the subtraction circuit should be the same, but
the added signal will be decreased by an amplitude proportional to the distance
from the anode that the event originated.

Using this information, pulses were examined at a cathode bias of -3 kV and
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Figure 6.13: Weighting potential of the coplanar anode detector. The additional
purple line indicates the summed weighting potential of the collecting and non-
collecting anodes. P is the depth one pitch width from the anode surface.
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Figure 6.14: Sample pulse waveforms used to determine variations in the shaped
pulse amplitude.

AV =300 V. The output of the subtraction circuit was input to the shaping ampli-
fier, which was used to trigger the oscilloscope. The trigger was set high enough to
only include full-energy events. Events originating near the cathode were exam-
ined, which were identified by rise times greater than approximately 25 us. Any
difference between the subtracted and added signal here would indicate the sever-
ity of charge sharing between the anodes. A sample event from this experiment
is shown in Figure 6.14 where the yellow trace is the collecting anode signal, the
green is the non-collecting anode, the purple is a mathematical addition of the two
signals, and the pink is a mathematical subtraction of the two signals. The results
from this experiment are presented in Figure 6.15.

By inspecting the pulse waveforms such as those shown in Figure 6.14, there
were observed instances where the added and subtracted signals of events origi-
nating near the cathode differed by about 1 mV of the total 5 mV expected pulse
amplitude. However, for interactions near the cathode, the added and subtracted
signal should be identical. This poses an additional source of deviation in the
pulse amplitude of the shaped pulse for events that are considered to be full en-
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Figure 6.15: Pulse amplitudes for a series of puises originating near the cathode.

ergy events. For pulses with a rise time of 30 us, the average pulse amplitude from
the shaping amplifier was 7.45 V. However, the data with the largest spread in this
set exhibit a variation in this amplitude of 5.0%. Maximum variations of 5.02%
and 9.34% were obtained for pulses with rise times of 22 and 24 us respectively.
This large variation suggests that, even with AV = 300 V, the detector is not quite
operating in coplanar mode. However, this measurement was based on manual
observations using the oscilloscope. Further measurements should be performed
using a system that could collect and analyze thousands of pulses to more accu-
rately determine these values. This measurement will have large errors associated
with it based on the fact that so few pulse waveforms were analyzed, however it

provides an indication that this could be a problem and should be further investi-
gated.

6.7 Conclusions about the Parallel Plate Detector

The parallel plate detector, once the electrodes were properly connected, exhib-

ited results that indicate the coplanar anode technique can work in high pressure
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xenon. Coplanar pulses were observed 100% of the time at AV = 240 V with a
cathode bias of -4 kV, which did not differ significantly from the calculated value
of AVpin = 232 V. The spectroscopic results, while not very good, demonstrated
that the coplanar technique is an improvement over the classical ionization cham-
ber mode for this detector. However, many limitations to optimal operation were
discovered that resulted in very broad photopeaks.

The first and most obvious source of resolution degradation was due to elec-
tronic noise. It was demonstrated that, at values of AV required for coplanar mode
operation, the surface noise is too high. One possible source of this is from surface
leakage current, a problem that is easily overcome in future detectors simply by
metalizing the anode pattern onto a different ceramic with a higher bulk resistiv-
ity.

Another problem was discovered when the detector capacitance was measured.
[t was determined that this was dominated by the anode-anode, anode-pressure
vessel, and boundary electrode-pressure vessel capacitances. These three compo-
nents contributed 166 pF of input capacitance, which can be reduced in future
designs by changes in the structure of the pressure vessel. Such changes, to name
a few, could involve increasing the distance between the anodes, using shorter
wires to connect the electrodes to the feedthroughs, and increasing the separation
between the anode and the pressure vessel.

Lastly, the values of AV used were not quite large enough for complete charge
collection on the collecting anode. However, it AV was increased to get to this
region, the surface leakage current would begin to dominate the energy resolution.
If the anode structure was made out of a higher resistivity ceramic, it would be
possible to further increase AV and an improvement in the resolution would be
expected.

Despite all of the limitations of this detector, the principle of single polarity

charge sensing using a coplanar anode in high pressure xenon has been demon-
strated.
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Chapter 7
CONCLUSIONS AND FUTURE WORK

Based on the results presented, it is clear that there were several limitations for
each detector. In the case of the helical detector, some problems prevented it from
operating in coplanar mode, although the source is not clear. Work was abandoned
on this detector in order to determine whether a coplanar anode high pressure
xenon detector was possible. The parallel plate detector, on the other hand, was
able to operate in coplanar anode mode, however its spectroscopic performance
was quite poor.

As previously stated, although the helical detector never attained coplanar
mode operation, none of the experiments performed suggested that it should not
be able to work. AV was set to the values predicted by both the Coulomb simu-
lations and the numerical calcuations, and even at several times these values no
coplanar pulses were observed.

One key problem was discovered in the early stages of the work concerning
the size of the anode wires. Significant spectroscopic improvement was observed
when the size of the wires was increased so that they protruded from the sup-
port groove. This was explained using the technique of mirror charges and it was
demonstrated that it is quite important that the anodes have a direct line-of-sight to
each other so the non-collecting anode can return to a state of zero induced charge
as a result of the electrostatic neutrality obtained between the true charge and the
mirror charge when the electron is close to the surface of the collecting anode.

Several experiments were performed to determine the source of the coplanar
mode failure. The possibility of mutual inductance on the anode wires was elimi-

nated by examining the induced signal on each. The distortion of the field by the
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build-up of charges on the surface of the anode rod was considered. A calculation
was performed using Coulomb to ascertain what surface charge density would be
required to distort the field enough that the non-collecting anode would be at a lo-
cal maximum in potential. This possibility was eliminated since the surface charge
necessary would create a potential on the order of magnitude of the cathode bias
voltage. Lastly, the IV curves of the helical detector were obtained. As demon-
strated in this experiment, the detector appeared to be moving towards coplanar
mode operation at value of AV around 1000 V, however this was not supported by
analysis of the pulse waveform. Additionally, the quality of the photopeak did not
improve at these values as expected.

One obvious area remaining for experimentation lies in further improvements
to the anode rod. It is clear that the initial wires were not large enough since there
was noted improvement in the spectrum when their size was increased. However,
it is not clear that the new wires were large enough either. In order to ascertain this,
the pressure vessel should be opened and the wires should be inspected again.
Replacing them with larger wires could offer further improvements to the spec-
tra. Additionally, the technique of ceramic metalization, which was successfully
demonstrated with the parallel plate detector, should be considered for tuture an-
ode rods. Shouid this approach be used, care should be taken so the anode-anode
capacitance does not dramatically increase, as was true for the parallel plate de-
tector. This would also allow trial of other anode configurations, such as parallel
strips running length-wise down the rod. In this case the calculated field is much
easier to characterize.

The parallel plate detector was capable of coplanar mode operation near the
predicted value of AV, once the problem of the poor connection of one of the
anodes was eliminated. With AV set sufficient for coplanar mode operation, spec-
tra were obtained for this detector indicating an electronic noise problem. The best
resolution obtained was 84 keV (12.7%) for 662 keV gamma rays.

Emphasis was placed in determining the various contributions to the photo-

peak broadening. It was determined that leakage current across the surface of
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the anodes was a problem for values of AV greater than approximately 300 V.
Unfortunately, this corresponded to the potential where the coplanar mode was
observed. For a cathode bias of -3 kV and AV = 300 V, the surface leakage cur-
rent contributed 39.4 keV of noise. This could be minimized in future designs by
constructing the anode using a higher resistivity ceramic. The contribution due to
detector capacitance was determined to be 36.8 keV, which was largely dominated
by the anode-anode, anode-pressure vessel, and boundary electrode-pressure ves-
sel capacitances. These three values resulted in a 166 pF input capacitance. This
could also be minimized in future designs by shortening the electrode wires be-
tween the anode surface and the high voltage feedthroughs.

In an attempt to run the detector at a lower bias thus requiring a smaller value
of AV (and thus a smaller contribution due to surface leakage current), the effect
of electron recombination as a function of cathode bias was examined. It was ob-
served that there was little movement in the centroid of the photopeak for biases
greater than -3 kV. However, even with AV = 300 V, significant variations were
observed on the subtracted signal of the two anodes for cases where the electrons
originated near the cathode. This was due to charge sharing on the non-collecting
anode due to insufficient AV. The variations on the pulse height of photopeak
events originating near the cathode was approximately 5% for a cathode bias of
-3 kV and AV =300 V. This also could be due to the fact that the width of the strips
was rather large resulting in a region beneath the collecting anode ot low electric
field where the electrons may not fully be collected.

Further diagnosis would have been possible with the both detectors if it the
pulse height as a function of interaction position could be controlled by the use
of a collimated source. However, in order to properly use this technique to map
the detector response for the helical detector, it would be necessary to introduce
the gamma ray through the end caps of the pressure vessel since side-illumination
would not provide control over the interaction location in the radial coordinate.
However, the end cap for this pressure vessel is approximately one inch thick of

stainless steel, which would attenuate the gamma rays too much, even at higher
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energies. The same technique was also not possible with the parallel plate detector
due to the cylindrical shell of dead xenon around the active region of the detector.
Attenuation in this region would result in gamma ray energies in the detection re-
gion that were not uniform. This can be done in future designs if this dead region
is eliminated, either by the construction of a new pressure vessel or by the intro-
duction of a cylindrical shell of ceramic to keep all of the xenon between the anode
and cathode.

The parallel plate detector demonstrated that the technique of single polarity
charge sensing with coplanar anodes in high pressure xenon can work, however
many modifications should be made in order to obtain better energy resolutions.
First, a larger anode should be built to increase the efficiency of the detector. How-
ever, emphasis should be placed on reducing the capacitance, especially the anode-
anode capacitance, which will increase with anode size. A pressure vessel should
be specifically designed for this anode to minimize both the region of dead xenon
around the active region and to reduce the effects of detector capacitance. The
anode itself should be constructed of a high resistivity ceramic and consideration
should be made to changing the strip width to minimize the possibility of electrons

recombining in a region of lower electric field such as beneath the non-collecting

anode.
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