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Abstract

Potential of Industrial Sapphire Sensors

For Use in ILC Calorimetry

by

Gregory R.C. Rischbieter

The predictions of the Standard Model have been verified to great precision

over the last several decades, however, experiments at higher energy scales are needed

to further test its predictions and limitations. The proposed International Linear

Collider would allow scientists to conduct precise experiments at Terascale energies.

Interactions between these high energy particles would create a radiation-heavy en-

vironment via ‘beamstrahlung’ showers of positron-electron pairs, and the innermost

ILC calorimeters are expected to receive an annual dosage of up to 100 Mrad of

electromagnetically-induced radiation. Thus, radiation hard particle detectors are

needed. The Santa Cruz Institute of Particle Physics is conducting experiment SLAC

T-506 in collaboration with Stanford’s Linear Accelerator Laboratory, aiming to eval-

uate the radiation hardness of sensors made from a variety of materials. In this

thesis, we report on the measurements of the charge collection efficiency of a sensor

made from industrial sapphire before and after an exposure to an electromagnetically-

induced radiation dose of 307 Mrad. After irradiation, we observed that the charge

collection efficiency diminished by a factor of five compared to pre-irradiation data.

Annealing periods at successively higher temperatures had no significant effect on

the sensor’s charge collection efficiency. We conclude that industrial sapphire is not a



suitable material for particle detection in radiation heavy environments, such as ILC

calorimetry.



v

Contents

Dedication vi

Acknowledgements vii

1 Introduction 1

2 Sapphire Sensors 4

3 Initial Probe of Industrial Sapphire
Sensors 6

4 Charge Collection Apparatus
and Data Acquisition 8

5 Median Charge Analysis 11

6 Charge Collection Results for Pre-Irradiated Industrial Sapphire 16

7 Irradiation at SLAC 20

8 Post-Irradiation Charge Collection
Results 23

9 Conclusion 28

Bibliography 29



vi

To

Matty, Pat, Mom, Dad, Douglas, Chelsea, Benjen, and Sadie,

for their never-ending support and love.



vii

Acknowledgements

I thank Professor Bruce Schumm for giving me this opportunity. I would also like

to thank Vitaliy Fadeyev, the past and present members of the T-506 experiment,

and rest of the SCIPP community for the tremendous amount of help I have received

working on this project.



1

1 Introduction

Every new discovery in particle physics deepens our understanding of the

Universe. The Standard Model of Particle Physics has made astonishingly accurate

predictions about elementary particles and their interactions, however, higher en-

ergy experiments are needed to further test the Standard Model and build upon it.

In order to do this, scientists are currently working on the design of the Interna-

tional Linear Collider (ILC). Complementary to the Large Hadron Collider (LHC) in

Geneva, the proposed ILC would be a linear positron-electron (e+e−) collider that

would stretch approximately 31 km and operate with center-of-mass energies of up

to 500 GeV. Current plans allow for an extension of the collider to 50 km and an

increase of the ILC’s maximum center-of-mass energy to 1 TeV [1]. The goals of this

linear lepton collider include: investigating the predictions of the Standard Model

of Particle Physics, studying the Higgs Boson with greater precision than the LHC,

searching for dark matter particles, and uncovering evidence for supersymmetry and

other extensions beyond the Standard Model [1]. Two detectors are being designed

for the ILC’s collision point: the International Large Detector (ILD) and the Silicon

Detector (SiD) [2].

In collaboration with Stanford’s Linear Accelerator Laboratories (SLAC), the

Santa Cruz Institute for Particle Physics (SCIPP) is conducting experiment SLAC

T-506. The T-506 effort is part of the development of the Beamline Calorimeter

(BeamCal) in the most forward region of these two detector systems. BeamCal will

serve three major purposes: it will ensure the detector’s hermiticity down to polar
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angles of a few milliradians, protect the final stage of the beam delivery system by

reducing backscattering events of electron-positron pairs, and provide information

regarding collision parameters of the interacting beams [3]. BeamCal will be an elec-

tromagnetic calorimeter that uses multiple pad sensors sandwiched between tungsten

plates, similar to the design shown in Figure 1.1. Sensors in BeamCal are expected

Figure 1.1: An example of an electromagnetic calorimeter design similar to BeamCal [4].

to receive as much as a 100 Mrad dose annually, therefore radiation hard sensors are

needed. The T-506 experiment includes the measurement of the radiation hardness

characteristics of silicon diode, gallium-arsenide, silicon-carbide, and industrial sap-

phire sensors for potential use in BeamCal [2]. Industrial sapphire sensors generally

yield small charge collection signals. However, it is felt that this disadvantage might

be outweighed by their potential radiation hardness.

This thesis presents a complete exploration of the properties of industrial

sapphire needed to evaluate its appropriateness for use in BeamCal. These studies
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include: an initial assessment of its pre-irradiation characteristics, a 24-hour run of the

T-506 experiment at SLAC’s End Station Test Beam facility in which a sensor received

an electromagnetically-induced radiation dose of 307 Mrad, and a full post-irradiation

characterization. In addition, we show methods we developed for overcoming the

difficulties in characterizing industrial sapphire and discuss sapphire’s potential for

use in BeamCal.
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2 Sapphire Sensors

The use of silicon diode sensors in particle detection has become conven-

tional, however, they develop large leakage currents when irradiated. Non-diode sen-

sors made from insulators do not have this problem and may be more practical for

use in radiation heavy environments, such as BeamCal. Non-diode sensors made from

diamond have proven to be resistant to radiation damage, however, they are costly

and impractical. Sapphire is similar to diamond in that they have similar densities,

they both have much larger band gaps than silicon and gallium-arsenide, and their

resitivities are several orders of magnitude larger than silicon and gallium-arsenide.

Sapphire is also favorable because it can be grown relatively fast and cost-effectively

in a laboratory, with growth rates of approximately 100mm/hr [5][6]. Characteristics

of sapphire are compared with those of other materials in Table 2.1.

Table 2.1: Characteristics of industrial sapphire, diamond, silicon, and gallium-arsenide [6].

Sapphire Diamond GaAs Si

Density (g/cm3) 3.98 3.52 5.32 2.33
Resitivity (Ω*cm) >1014 >1011 107 106

Band Gap (eV) 9.9 5.45 1.42 1.12
MIP eh pairs created (eh/µ m) 22 36 150 73

Sapphire’s expected resistance to radiation damage is mostly due to impu-

rities in its crystalline structure which act as damage points within the material.

These impurities also decrease the mean-free-path of the charge carriers in sapphire.

The amount of charge carriers moving through the material created by an interact-

ing particle is much lower than in other sensors due to sapphire’s large band gap.

Specifically, there are 22 electron-hole pairs per micrometer per interacting particle
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in sapphire, while there are 73 in silicon [6][7]. The short mean-free-path and large

band gap in sapphire sensors results in a small output signal, making characterization

of the sensors difficult.

Irradiation damages the bulk of a sensor, decreasing the charge-carriers mean-

free-path which reduces the sensor’s ability to collect charge [9]. To assess the po-

tential of industrial sapphire sensors for use in ILC calorimetry, I first characterized

several unirradiated industrial sapphire sensors, which required an expansion of our

methods for accurate median charge analysis. I then assisted in a 24-hour run at

SLAC’s End Station A, where we exposed an industrial sapphire sensor to a 307

Mrad dose of electromagnetically-induced radiation. The irradiated sample was re-

turned to SCIPP, where I continued measurements of the sensor’s charge collection

efficiency (CCE) before and after several annealing periods. I developed techniques

needed to reliably measure the median collected charge of industrial sapphire sensors,

particularly after irradiation, allowing me to present results on the charge collection

yield before and after irradiation.
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3 Initial Probe of Industrial Sapphire

Sensors

Using an Alessi REL-4100A microprobe station, a Cascade DCM210 probe

positioner, and Cascade PTT-24/4-25 tungsten probe needles, I measured leakage

current (IV) and capacitance (CV) as functions of applied bias voltage for five different

unirradiated industrial sapphire sensors. These measurements are given in Figures

3.1 and 3.2. The five plates were very similar in characteristics. Plates 4 and 5 were

selected to be mount on printed-circuit daughter-boards for charge collection analysis.

Figure 3.1: Leakage Current vs. Voltage data for the five sapphire plates. All of the
current values were much lower than for silicon sensors. The negative current for plate 2 is
unexplained and is the reason plate 2 was not selected for charge collection.
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Figure 3.2: Capacitance vs. Voltage data for the five sapphire sensors. All sensors had
voltage-independent capacitance values that were very similar to each other.
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4 Charge Collection Apparatus

and Data Acquisition

CCE took place inside a commercial freezer at SCIPP. Inside the freezer,

there was a β-emitter, strontium-90, incident on the sensor under study, followed by

a scintillator that emitted a pulse of light whenever it absorbed a β-particle. This

pulse was converted into an electronic signal and amplified by a photo-multiplier tube

(PMT), triggering a Tektronix DPO-4054 oscilloscope.

Charge deposited within the sensor from through-going β-particles was con-

verted into a voltage and amplified by an electronic circuit designed and built in our

SCIPP lab. This amplifier converts collected charge into a voltage signal using two

BF862 JFETs that form a cascode, a single LM6171 operational amplifier, and a

capacitive network to establish the amplifier’s shaping time of 300 nanoseconds. This

amplifier was in turn connected to a commercial Sonoma Instruments 310 amplifier

to increase the gain of the circuit feeding into the oscilloscope. A Keithley 2567A

power supply was used to provide high voltage to the sensor, and a BK Precision

1760A power supply was used to provide power to the home-made amplifier.

Sensors were placed on printed-circuit daughter-boards that were fitted for

our charge collection amplifier. These daughter-boards allowed for easy handling of

the sensor during characterization, irradiation, and storage. The area of the daughter-

board behind the sensor was cut away to allow for an accurate measurement of the

sensor’s charge collection [8]. The daughter-boards were clipped into the amplifier

circuit board during characterization. The apparatus is shown below in Figure 4.1.
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Figure 4.1: The Charge Collection Apparatus at SCIPP. A strontium-90 source (center-
left) emits β-particles incident on a scintillator connected to the photo-multiplier tube
(center). Between these, there is an amplifier that holds our selected sensor and converts
any deposited charge into a voltage signal.

The sensor’s amplified output signal waveforms were displayed on the oscil-

loscope. Several thousand waveforms were captured using a data acquisition code

written in Python by other T-506 members: Nik Guillemaud, Caleb Fink, and Luc

D’Hauthuille. Duplicate waveforms were deleted. An example of an average waveform

for a sapphire sensor biased at 1000 volts is shown in Figure 4.2.
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Figure 4.2: An example of an average waveform from a sapphire sensor taken with a bias
voltage of 1000 volts. The box surrounding the waveform’s peak marks the location of the
temporal window used to evaluate the individual waveforms.
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5 Median Charge Analysis

The position of the average waveform’s peak was used to evaluate all cap-

tured waveforms. A small temporal window was set around the “on-peak” location.

Looking at the peak voltage within this window for every captured waveform, we

produced a distribution of pulse heights. Output voltages were converted to charge

values using the measured gain of our charge collection amplifier.

Because the β-particles miss the sensor sometimes, the histogram is a super-

position of two different distributions: a Landau and a Gaussian distribution [9]. To

illustrate our method for median charge analysis, I will give examples using silicon

diode sensors. This is because the two distributions are usually well separated for

silicon. I will then outline how these methods were upgraded to account for the small

signals from industrial sapphire sensors.

An example histogram of data from a silicon pad sensor is given in Figure 5.1.

Whenever a β-particle missed the sensor but was still absorbed by the scintillator,

the output signal was due to the system’s electronic noise. This noise can be seen in

Figure 5.1 as the Gaussian “pedestal” that is centered near zero volts. The functional

form of a Gaussian distribution is

fg = Apedexp(−(x− µ)2/2σ2), (5.1)

where Aped, µ, and σ are parameters that correspond to the height, median, and

width of the Gaussian, respectively. The Landau is the other distribution seen in

the histogram. It corresponds to the output signal measured after a β-particle was
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Figure 5.1: An example of a CCE histogram. This is the histogram for the NF6902 sensor.
The green line marks the location of the median charge, while the blue line is the cutpoint.
Everything to the left of the cutpoint is evaluated as signal; everything else is evaluated as
noise.
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absorbed by the sensor. We used the Moyal distribution,

fm = A(exp(−(−xλ + exp(xλ)))/(2π)1/2), (5.2)

where xλ = R(x − Emp), and A, R, and Emp are parameters that correspond to the

height, width, and peak of the Moyal distribution, respectively. The Moyal provides

an accurate approximation of the Landau distribution, while providing parameters

that are convenient for implementing the Landau in fits to the pulse height distribu-

tion [9]. The median charge was extracted by calculating the median of the Landau

approximation and subtracting away the pedestal’s median. The pedestal’s median

may be nonzero due to electronic pickup from our sensor that creates an offset voltage

at the peak’s location.

Irradiated sensors can develop large leakage currents, increasing the elec-

tronic noise. Also, radiation damage decreases the sensor’s output signal. Because of

these effects, the Gaussian and Landau distributions are overlapped on the histogram,

shown in Figure 5.2. Using an algorithm developed by previous T-506 member, Cesar

Figure 5.2: An example of overlapping distributions. This is from an irradiated N-type
silicon pad sensor, N6906. A fitting algorithm is necessary to separate the two distributions.
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Gonzalez Renteria, we can minimize the χ2-function,

χ2 =
∑
i

(yi − fi(xi;µ,Aped, σ, Emp, A,R))2

σ2
i

, (5.3)

where yi is the number of pulses with height xi, σi is the Poisson uncertainty on the

number of pulses, and fi is the value of the model at xi for the given free parameters.

Our model was sum of a Moyal and a Gaussian distribution, therefore our model’s

function had six free parameters: µ, Aped, and σ again correspond to the median,

height, and width of the Gaussian distribution, respectively, and Emp, A, and R

correspond to the peak, height, and width of the Moyal distribution, respectively [9].

By evaluating the average waveform just prior to the excitation of the ampli-

fier by the charge deposition signal, we were able to constrain the value of σ. These

“off-peak” voltages were not affected by our sensor’s signal and provided an accurate

characterization of our system’s electronic noise. We created a histogram of off-peak

voltage values, yielding the width, σ, of the Gaussian noise. Figure 5.3 shows an

example of an off-peak histogram.

After the algorithm finds accurate values for the remaining parameters, ac-

curate plots are fitted to the data. The median charge can then be extracted in the

usual manner of subtracting the pedestal’s median from the median of the Moyal.
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Figure 5.3: An example of an off-peak histogram for silicon pad N6906. A Gaussian dis-
tribution was fit to the histogram, and the corresponding width was used to constrain the
σ-value in our model.
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6 Charge Collection Results for Pre-Irradiated

Industrial Sapphire

Figure 6.1 gives an example of a pulse height distribution for sapphire before

irradiation. For industrial sapphire sensors, the signal size was on the same order as

the system’s electronic noise, and a Landau distribution is no longer representative

of our pulse height distribution. The system’s noise causes there to be a Gaussian

“smearing” of the Landau distribution. For sensors that have median charges much

greater than the width of this noise, such as silicon diodes, the effects of smearing are

negligible, and the method described in the previous chapter provides an accurate

approximation of the median charge. shows that a model incorporating Gaussian

smearing is essential for median charge analysis with industrial sapphire.

Figure 6.1: Pulse height distribution for Industrial Sapphire with Gaussian “smearing”
of the Landau distribution. This signal is not represented by a Gaussian or a Landau.
Convolution integrals are needed to more accurately fit the data. Note that there was no
pedestal with sapphire. Because the sensors are large, any β-particle that was detected by
the scintillator must also have passed through the sensor. [10]

Looking at Figure 6.1, there are no indications of separation between the
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output signal distribution and the noise pedestal. This prompted evaluation of the

sapphire sensor without an applied bias voltage. This zero-volt data was used to

constrain the possible values of the pedestal’s median, µ. An example of a zero-

volt average waveform is given in Figure 6.2. The electronic pickup caused voltage

offsets of approximately one millivolt at the on-peak location. The gain of our charge

collection amplifier was approximately 40 mV/fC, thus this millivolt offset yielded a µ-

value of approximately 0.03 fC. Using this value for µ and looking again at Figure 6.1,

we conclude that virtually no β-particles struck the scintillator without interacting

with our sensor and there was no significant pedestal in the pulse height distributions

for industrial sapphire before irradiation.

Figure 6.2: An average of waveforms captured when there was no bias voltage applied.
There is an offset in the region where the pulse would be if there was a nonzero bias
voltage.

To account for Gaussian smearing, I updated the fitting algorithm. This was

done using a convolution of the Moyal distribution with the Gaussian associated with

the noise,

S = L⊗G, (6.1)
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where S is the output signal, L is the Moyal function that approximates the Landau

distribution, G is the Gaussian distribution function, and ⊗ denotes the convolution

of these two functions [10]. Replacing the model of a summed Moyal and Gaussian

distribution, the new model function was the sum of the Gaussian and the convolution,

fi(xi) = (
1√

2πσ2
)
∫ 4σ

−4σ
Li(xi − z;Emp, A,R)G(z;σ, µ)dz, (6.2)

where z is the integration variable over ±4σ (any Gaussian contribution outside of

this range is negligible). Li is the value of the approximate Landau distribution at

xi, and G is the Gaussian distribution related to our system’s noise. Emp, A, R,

µ, and σ correspond to the same parameters they represented in the original model

(Equation 5.3). The term before the integral normalizes the Gaussian distribution. µ-

values were constrained using the same off-peak method as described in the previous

chapter, and an example of an off-peak pulse height distribution is given in Figure

6.3. The median charge was then extracted by taking the median of this convolution

function and subtracting away the offset created by the electronic pickup.

Figure 6.3: The off-peak pulse height distribution for industrial sapphire with a bias voltage
1000 volts. The width, µ of the Gaussian fit to this distribution was used in the convolution
model.
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The CCE results for sapphire plates 4 and 5 were compared and can be seen

in Figure 6.4. When biased with positive voltages, the two plates yielded similar

median charges. With negative biasing, however, plate 4 returned larger median

charges than plate 5. Because of this, plate 4 was selected for irradiation at SLAC.

Figure 6.4: Charge Collection data for the sapphire plates before irradiation. Although
both plates behaved similarly for positive bias, plate 4 was selected for irradiation studies
because of its higher-valued median charges with negative biasing. Notice the low values
for median charge compared to the 4.9 fC charge shown in Figure 5.1 for the NF6902 silicon
pad sensor.
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7 Irradiation at SLAC

Irradiation takes place at SLAC’s End Station Test Beam facility (ESTB).

Electrons are diverted from the Linear Accelerator Coherent Light Source (LCLS)

into the ESTB, which are directed onto our sensor for irradiation. The parameters of

the beam provided during the sapphire sensor’s irradiation are shown in Table 7.1.

Table 7.1: Parameters of the beam delivered to ESA during the T-506 experiment [8].

Parameter Value

Energy 13.4-14.5 GeV
Repetition Rate 5 Hz
Charge per Pulse 180 pC
Spot Size (radius) ∼1 mm

Radiation damage is thought to be proportional to the non-ionizing energy

loss (NIEL) component of the energy that is deposited by the incident radiation.

While it is expected that minimum-ionizing e+e− pairs induced in the electromag-

netic showers are the primary cause of the deposited energy, hadrons produced in

interactions between nuclei and shower photons may be the dominant cause of radia-

tion damage in calorimeter sensors [8]. To induce an electromagnetic shower at ESA,

a tungsten radiator (‘R1’) of thickness 2X0, where X0 is the electromagnetic radia-

tion length in tungsten (0.35 cm), was placed in the beam’s path upstream from the

sensor. This thickness allowed for a slight divergence of the induced shower from the

beam’s direction without creating a significant hadronic shower component. Hadrons

produced from interactions between the shower and nuclei may be the dominant cause

of radiation damage to our sensors [8]. The shower was allowed to spread over an

open length of approximately 0.5 meters before interacting with a second tungsten
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radiator (‘R2’) of thickness 4X0. R2 was placed directly in front of the sensor, with

an 8X0-thick radiator (‘R3’) immediately behind the sensor. Surrounding the sensor

with these tungsten absorbers ensured near-maximum illumination of the sensor from

hadronic flux [8]. The sensor moved perpendicularly to the beam’s path in a rastering

pattern over a 1 cm2 area via electric motors. This allowed for an even illumination

of the sensor in the region where we evaluate the sensor’s CCE. The locations of the

radiators and sensor are given below in Table 7.2.

There was a small bias voltage applied to the sensor during irradiation; this

drains any static charge generated during irradiation, protecting the detector. The

entire irradiation process took place in an insulated container, held near 0◦C. After

irradiation, the sensor was placed in a commercial freezer held below 0◦C to inhibit

annealing effects.

Table 7.2: Location of the various radiator elements and the sensor under irradiation for
experiment T-506[8].

Surface Location (cm)

R1 Entrance 0.0
R1 Exit 0.7
R2 Entrance 46.6
R2 Exit 48.0
Sensor 48.5

A shower-conversion factor was needed to estimate the radiation dose rate.

This conversion factor was estimated as a function of incident electron energy and

provided the mean fluence per incident electron in particles/cm2 through the target. It

was determined via a Monte Carlo computer simulation developed by CERN, GEANT
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3.21 [2]. We can then calculate the dose rate using the equation:

Rate = fbqpα(
160Rad/nC

cm2
), (7.1)

where fb is the beam frequency, qp is the charge per pulse, α is the shower conversion

factor, and the 160Rad/nC
cm2 term is the standard fluence to rad conversion factor for

electrons and positrons [2].
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8 Post-Irradiation Charge Collection

Results

After exposure to a 307 Mrad radiation dose at SLAC, the sapphire sen-

sor was shipped back to SCIPP for continued CCE studies. Figure 8.1 gives an

example of a pulse height distribution for sapphire after irradiation. Similarly to

the pre-irradiation charge collection, the pulse height distribution show no separation

between the signal and the pedestal. Because pre-irradiation distributions showed

that the pedestal was negligible, it is likely that the post-irradiation distributions

also had no significant pedestal; the geometry of the sensor was not changed during

irradiation. However, looking at Figure 8.1, we can not conclude that the pedestal re-

mains negligible. Using the zero-volt average waveform (Figure 8.2) and the off-peak

pulse height distribution (Figure 8.3) , we constrained pedestal parameters. Varying

the height of the pedestal, we found the maximum possible pedestal that would still

accurately fit the distribution, shown in Figure 8.4.

Figure 8.1: Pulse height distribution for industrial sapphire after irradiation with an applied
bias voltage of 1000 volts.
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Figure 8.2: Average Waveform for sapphire after irradiation without an applied bias voltage.
The on-peak location for the distribution given in Figure 8.1 is highlighted here in red. The
voltage offset at that point is approximately -0.56 millivolts, which corresponds to a pedestal
offset of -0.010 fC.

Figure 8.3: Off-peak pulse height distribution for sapphire after irradiation with an applied
bias voltage of 1000 volts.
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Figure 8.4: Pulse Height Distribution showing the maximum pedestal. This provides us
with the possible uncertainty on the post-irradiation median charge data. However, it is
unlikely that irradiation caused a pedestal to form.

Figure 8.5 shows the post-irradiation CCE data compared to the pre-irradiation

data, as well as the annealing studies. Annealing is the process of raising the tempera-

ture of the sensor in order to thermally excite the molecules and undo damages within

the crystalline structure. After irradiation, the sapphire sensor retained only 20% of

its pre-irradiation CCE. These data points assume that irradiation did not cause a sig-

nificant pedestal to form. However, including the maximum possible pedestal yielded

increases in median charges in the range from approximately 0.01 fC to 0.03 fC. This

increase still yielded median charges significantly less than the pre-irradiation data,

showing a drastic loss of sapphire’s charge collection capabilities due to irradiation.

Leakage currents were also observed to be negligible after irradiation.

The sensor underwent several annealing studies, spending an hour at room-

temperature, 32◦C, 45◦C, 60◦C, and 80◦C, and was returned to sub-zero temperatures

after each anneal. Figure 8.6 shows the annealing trends for sapphire, and there was
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Figure 8.5: Charge Collection data for sapphire plate 4 before and after irradiation. After
exposure to 300 Mrad, the median charge collected dropped by about a factor of five. After
annealing the sensor to higher temperature, there was not significant charge restoration
when comparing with the pre-irradiation data. These data points assume that the pedestal
is negligible and that irradiation did not cause a pedestal to form.

Figure 8.6: Median Charge at ±1000V versus annealing temperature for sapphire plate 4.
The pre-irradiation median charges at ±1000V are included for comparison. These data
points assume that the pedestal is negligible and that irradiation did not cause a pedestal
to form.
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no significant restoration of the median charge. While there was a slight upward

trend for data taken with a positive bias, data taken with a negative bias voltage

showed no consistent trend, although it usually yielded a higher median charge than

the positive bias. After the 32◦C anneal, annealing trends for both biases appear to

plateau. After the 80◦C anneal, however, median charge values dropped back down,

and sapphire was not annealed at higher temperatures.



28

9 Conclusion

After examination of the data in Figures 8.5 and 8.6, we observe that

industrial sapphire is not as resistant to radiation damage as we expected. Be-

fore irradiation, sapphire yielded weak output signals, and the 307 Mrad dose of

electromagnetically-induced radiation caused the signal to further attenuate. There

was no significant median charge restoration after annealing. Because of this, we

conclude that sensors made from industrial sapphire would degrade quickly from a

100 Mrad annual radiation dose and are not good candidates for BeamCal.
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