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Abstract

A photomultiplier tube high-voltage power supply was constructed using a ”Free-Form”
method of fabrication. The main goal of this project was to benchmark the performance
of an experimental additive manufactured high-voltage power supply that is currently be-
ing investigated at Kansas State University. This is achieved through the comparison of
non-traditional methods and material to traditional materials of the same circuit in a sim-
ilar oriented geometry. A printed circuit board layout was considered to be insufficient for
comparison due to the large differences in geometry compared to the 3-dimensional additive
circuit. The method used to provide high-voltage and proper dynode stage biasing was a
half-wave Cockecroft-Walton voltage multiplier. The 3-dimensional orientation was achieved
through the Free-Form process with surface mount devices connected end-to-end or stacked
together to form 3-dimensional shapes using temporary scaffolding and supports. This con-
struction method used a low component-count design that was developed in an earlier phase
of the project. The Free-Form method along with the previously designed circuit helped

achieve a minimal package footprint while offering reliable biasing to the dynode stages.

This work includes an in-depth description of the Free-Form construction methods used
to produce the 3-dimensional circuit along with electrical characteristic testing, and spectral
analysis results. A comparison for size and weight was made between the prototypes and
the commercially available E11807-01 resistive divider base. A performance comparison was
made using an external +5V supply for the prototypes and an external NHQ 103M high-
voltage power supply for the E11807-01. The electrical characteristic measurements included
dynode stage voltages, photocathode regulation, photocathode voltage stability, and power

consumption. Spectral analysis was conducted using the following check sources, *"Cs, ©°Co,



and *?Na. The prototypes and the E11807-01 were tested using a CsI(Na) crystal attached

to an R11265U series photomultiplier tube.

A total of two prototypes were produced using the Free-Form fabrication method. The
final bulk dimensions for prototype A are 2.99 x 2.78 x 0.75 cm with a weight of 7.73g.
Prototype B’s final bulk dimensions are 2.98 x 2.77 x 0.87 cm with a weight of 8.7g. The
final dimensions of the additive manufactured printed experimental power supply that is
being benchmarked are 2.99 x 2.77 x 0.65 cm with a weight of 8.36g. A 38.8% reduction
in volume and a 34.7% reduction in weight was achieved through the Free-Form fabrica-
tion method when compared to the E11807-01 resistive divider. The photocathode voltage
regulation values about its set point achieved for each prototype were +0.36% -0.60% for
prototype A, +0.35% -0.83% for prototype B, and 40.68% for the printed prototype. The
maximum power consumption of each prototype while driving the photomultiplier tube were
53.41 mW for both prototype A and B and 69.53 mW for the printed prototype. The energy
resolution’s measured for the full Cs-137 energy peak using a CsI(Na) crystal were 6.949%
for prototype A, 7.851% for prototype B, 6.93% for the printed prototype, and 6.855% for
the E11807-01.
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Chapter 1

Introduction

1.1 Motivations

A research team at Kansas State University has been developing and constructing a high-
voltage power supply (HVPS) for the Hamamatsu R11265U series photomultiplier tube
(PMT) through several non-traditional techniques. The circuit design for the HVPS be-
ing constructed was developed in previous work conducted by the research team. In that
work, several circuit revisions were made to reduce the component volume and optimize
the high-voltage output and regulation using a Cockcroft-Walton (CW) voltage multiplier
to supply voltage to the PMT.? A prototype constructed using a PCB was used to verify

functionality prior to the start of the non-traditional circuit development.

A major design consideration of this HVPS circuit was its utilization of multi-axis orien-
tation through the use of three-dimensional (3D) construction techniques. Moving from a
two-dimensional (2D) design to 3D provides several benefits and advantages. One benefit is
a total reduction in the volumetric footprint of the circuit. This allows for larger circuits to
fit into smaller packages which increase the mobility of devices like the gamma ray spectrom-
eter discussed in this paper. The addition of alternative 3D component connection traces is

another benefit that reduces the need for long planar trace lengths and vias between com-



ponents. The non-traditional nature of the construction methods used allow for the removal
of PCB layers, PCB vias, and interconnections. The removal of these sections, common on
PCB, allow the packed electronics to accommodate irregular free space and achieve organic
system form factors. Organic system form factors include any non-planar surface of a system

assembly that would restrict other traditional fabrication methods.

The newly emerging capabilities of electronics using a 3D design and fabrication methods
allow for a focus on reductions in size, weight, and power consumption (SWaP). The size and
weight can be reduced through the optimization of electrical component orientation allowing
a tighter packaged design with a reduction in the resulting chassis size and total weight.
The possible orientations for the circuit design are increased with the addition of the third
dimension which can be adapted to many use case scenarios. The power consumption can
be reduced through the use of a compact 16-stage half-wave CW voltage multiplier circuit
design with 3D orientation in mind. The CW is comprised of capacitors and diodes that
provided boosted voltages along its stages while keeping low output current with good lin-
earity for both DC and pulsed currents.® A non-traditional circuit fabrication method using
additive manufacturing is currently being investigated at Kansas State University with an
additional fabrication method named Free-Form (FF), which uses solder and wire, being
constructed to provide a benchmark to the performance of the non-traditional methods and

materials.

The details in the work presented show an overview of the construction of a non-traditional
circuit, the verification of the HVPS, the comparison of performance between a FF circuit
and an additive manufactured printed circuit, and a comparison to a commercially available

resistive divider developed for use with the R11265U PMT.



1.2 Prior Work

The utilization of a CW voltage multiplier to provide a PMT with the voltage required to
operate has been implemented in various research and design projects. An early example
is a base designed and constructed by a research team from Indiana University to be used
with a FEU84-3 PMT.* The base consisted of multiple PCB boards that were placed within
a 3.8 cm diameter by 15.5 cm in length cylindrical housing. The 14 stage CW ladder pro-
vided voltage to 12 dynode stages while using a supply voltage of 15-16 V. The base was
capable of reaching a photocathode voltage of 2023 V while consuming a maximum of 150
mW of power.* Their design used traditional circuit construction methods which are not
optimized to reduce overall SWaP of the final assembly. A low powered high voltage base
for the KM3NeT deep sea neutrino telescope was developed by a research team at Nikhef.
Their circuit used a basic CW voltage multiplier to run a 10 stage PMT while under re-
strictions to the size, load, voltage range, and ripple. The prototype was developed using
traditional methods with the circular PCB boards having a 38 mm diameter.® The sizing and
operational constraints introduced initial SWaP reduction but the restrictions of traditional
circuit design and construction impede further optimization. Progress for further reductions
in SWaP were made by researchers from the Idaho National Engineering and Environmental
Laboratory. A prototype CW board was developed to drive two PMTs using a basic CW
voltage multiplier.® The board took into account the components sizes and allowable oper-
ational parameters to enable the device to be hand held and battery operated. Low current
was required to reliably run while using a battery along with the need to be small in size
to aid in mobility and ease of use while hand held. These goals were achieved through the
benefits of a CW ladder.® The prototype was constructed using traditional methods with
the final circuit placed on a PCB board like the previous examples. Further reduction in the
SWaP of the circuit were achieved with the supply current measured to be less than 15 mA
at a 4-6V input resulting in a max power consumption of 90 mW and the final dimensions

being 25.4 x 88.9 mm.



All of the designs discussed above use a CW ladder to drive a PMT with the final cir-
cuits using PCB boards to function properly. The development of a similar circuit without
the use of PCB boards has been in development by a group of researchers at Kansas State
University for several years. The research team focused on designing a HVPS for use on
an R11265U series PMT with the implementation of multi-axis circuit construction using
additive manufacturing (AM) techniques. Several prototype variations were developed with
the main goals of the finalized design being an optimized CW to supply dynode stage bias-
ing, minimized volumetric size of the final circuit, and low power consumption at increased

radiation count rates.?

1.3 Construction Goals

The main goal of the work presented include benchmarking the performance for an additive
manufactured HVPS that is currently being investigated at Kansas State University. An
additional goal was the construction of a fully functional HVPS using a CW voltage multiplier
to drive the Hamamatsu R11265U PMT using a non-traditional construction method that
reduce overall SWAP. The goal of the performance benchmark is to provide a comparison
of the results between non-traditional methods and material of the additive manufacturing
fabrication method to traditional materials of the same circuit in a similar oriented geometry
using the FF fabrication method. A printed circuit board layout was considered to be
insufficient for comparison due to the large differences in geometry compared to the additive

circuit. These main goals along with fabrication restrictions include:

1. The non-traditional construction technique must consist of known and proven material
to make the final FF circuit. Solder and wires are the approved materials for electrical
connections. These serves as a comparison to the unproven materials used to make

connections in the additive manufactured circuit.

2. The final stage of the CW voltage multiplier must reach between -700 to -1000 V to

properly drive the PMT. The final set points range between -800 to -900V based on



the voltage used in the data sheet for the PMT.!

3. The voltage bias on the 12 dynode stages must follow the voltage distribution ratio
provided in the Hamamatsu R11265U Series data sheet. The voltage distribution ratio

comes from the E11807-01 tapered divider socket assembly.?

4. The final HVPS prototype must achieve reductions to the size, weight, and power

consumption, even during low to high count rate environments.

5. The final device must fit within the recessed connection cavity on top of the PMT with

little addition to the total height of the detector.

6. The energy resolution achieved by the HVPS must show no degradation to the intrinsic

resolution typical for a CsI(Na) scintillator.

1.4 Main Contributions

The construction and verification of non-traditional high-voltage power supplies using elec-
trical characteristic and gamma ray spectroscopy has made the following key contributions

to the field of nuclear science:

1. A performance benchmark between an additive manufactured circuit using non-traditional

materials to a similar 3-D oriented circuit using traditional material.

2. Developed a hybrid process to fabricate 3-dimensional circuitry to fit organic system

form factors using proven material.

3. An operational R11265U series photomultiplier tube using a Cockcroft-Walton voltage

multiplier and a non-traditional construction method using proven materials.

4. Proven electrical performance of the high-voltage power supply and performance for

gamma ray spectroscopy.



Chapter 2

Background and Phase 1

2.1 Cockcroft-Walton Voltage Multiplier

The Cockeroft-Walton (CW) voltage multiplier is a well known circuit technique used to
multiply direct current (DC) voltages using an alternating current input. This multiplica-
tion technique was developed by expanding upon the prior invention of a voltage doubler
developed by Heinrich Greinacher”. The expansion on the voltage doubler took place in 1932
by John Cockcroft and Ernest Walton and was used to power a particle accelerator. Their
multiplier stood 12 feet high reaching potentials over 700 kV with protons having energies
of up to 710 kV®. The 1951 Nobel prize in Physics was awarded to both men for their
work with the newly named Cockecroft-Walton voltage multiplier. Further expansion on this
technique was made in 1976 by John Dickson where a ”charge pump” circuit operating on
clocked pulses was implemented converting the circuit into a DC-to-DC multiplier?. The
CW voltage multiplier can come in two main configurations depending on the speed desired
for multiplication. These configurations are the half-wave and full-wave with the main dif-

ferences being that the full-wave requires more components, but uses both the positive and

negative segments of the AC wave to double voltages faster!?.



2.2 Photomultiplier Tubes

The ability to make measurements using light through light detection technology provide
unique advantages over other detection methods®. Some advantages include the analysis
of material or substances through nondestructive means, high detectability, and high speed
properties. Many different fields benefit from this type of technology including medical diag-
nosis, biotechnology, and spectroscopy?. Light detection devices can be split between three
categories which include the external photoelectric effect, internal photoelectric effect, and
thermal. The external photoelectric effect is when electrons are emitted from the surface of
a material when struck by light under a vacuum. The PMT utilizes this effect with wide use

in medical and analytical instruments?.

The photomultiplier is a versatile type of detector used for the radiant energy in the electro-
magnetic spectrum range between ultraviolet and near infrared 112, A PMT operates on the
basis of accelerating electrons through stages to achieve a sizable gain at the anode produc-
ing a measureable current. A typical PMT consists of a photocathode, dynode stages, and
an anode with the entire assembly contained in a glass envelope under high vacuum'®. This
works through the emission of photoelectrons from the photocathode. These photoelectrons
are accelerated and focused through an applied electric field into dynode stages. For each
incident electron, several secondary electrons are emitted from the dynode. This emission of
secondary electrons is repeated for each successive dynode stage. The secondary electrons
emitted from the final dynode stage are then collected by the anode.‘! The typical amount
of dynode stages for a PMT ranges from 10 to roughly 20'3. A sizable gain of around 10° is

achieved when the electrons reach the anode resulting in a measurable current signal!®!3.

The discovery of the photoelectric effect was made by Heinrich Hertz in 1887 providing evi-
dence that there was a way to produce electrical signals from individual photons of light 3.
Later in the year 1935 members of the RCA, Iams and Salzberg, produced the single stage
PMT and in 1936, RCA members Zworykin, Morton, and Malter produced a multistage



PMT!.

2.2.1 R11265U Series and E11807-01

The R11265U series PMT is produced by Hamamatsu and is listed to be compact and light
weight.! This model does not include a resistive divider circuit and has bare pin connections
to the internal dynode stages. The divider socket assembly is sold separately with a choice
between the E11807 standard divider and the E11807-01 tapered divider. The difference
between the standard and the tapered divider is that the tapered divider’s interstage voltage
is increased in the latter stages. This is done to improve pulse linearity by helping overcome
space charge effects that occur due to an increase in electron density between the electrodes
caused by an increase in incident light. Numerical values for the voltage distribution ratios

can be found in Table 2.1. Due to abundance of linear stages providing a better match

Table 2.1: Voltage distribution ratio of the Standard and Tapered divider type for an input
of -900 V.1 The value of 3.8 under Dyl for the tapered divider represents a ratio of 1:3.3
between K and Dyl. K: Cathode, Dy: Dynode, P: Anode

Stage K | Dyl | Dy2 | Dy3 | Dy4 | Dy5 | Dy6 | Dy7 | Dy8 | Dy9 | Dy10 | Dy11l | Dyl2 | P

Standard 25|13 |08 ]| 08 1 1 1 1 1 1 1 1 0.5

Tapered 3.3 | 1.6 1 1 1 1 1 1 1 1 1 2.7 |13

for the linear multiplication of a CW voltage multiplier, the E11807-01 tapered divider was

chosen as the circuit for comparison in the designed circuit.?

The E11807-01 socket attaches directly on the top of the PMT inside a recessed region
using the aid of a center pedestal. The pedestal acts as both a guide and structural support
so both parts come together in the proper orientation. The PMT and tapered divider are
depicted in Figure 2.1. The divider socket has two wires coming out of the opposite side that
end in BNC connections. The red wire is used to connect to a HV supply and provide the
divider with the HV used to drive the PMT. The black wire is connected to the anode and is

designated as the signal output of the PMT. The internal connection pins on the E11801-01



- ‘E11807.04
AB2B1E
"ADE 1y SEF Ry

I G s Wi

(2) R11265U series PMT (b) E11807-01 Voltage divider socket

Figure 2.1: The R11265U series PMT and the E11807-01 Tapered divider socket assembly.
The center pedestal is shown on the PMT along with the key inside the E11807-01 for proper
alignment and structural support. Golden connection pins attach the divider socket to the
exposed pins on the PMT.

match up to the bare connection pins on the PMT. These lead to the photo-cathode, dynode

stages, and anode of the PMT with a pin layout shown in Figure 2.2.*

K i

IC(P) — P
Dyl — — Dyl2
Dy2 — — Dyll
Dy3 — — Dy10

IC(P) — g — IC(P)
Dy4 — — Dy9
Dys B K: Ph thod: B DYS
Dy6 ] Dy; Dy::i:eal o I DY7

IC(P) — \C: itarmatconnection — IC(P)

(Don't use)

Figure 2.2: The pin layout for the R11265U series PMT showing the locations of the photo-
cathode, dynode stages, internal connections, and anode.

2.3 Gamma-ray spectroscopy

The current pulse produced at the anode of the PMT can be used to take measurements
for scintillation counting and gamma-ray spectroscopy. Some form of processing is typically

applied to the raw signal to translate the current pulse into useful data. A common method



is to shape the pulse in a way where the pulse height is proportional to the detector pulse
amplitude!*. The pulse shaping process typically begins with feeding the raw pulses from
the detector system into a preamplifier. This allows for the pulses to be extracted from
the detector without degrading the intrinsic signal-to-noise ratio as long as the preampli-
fier’s circuits are set with the detectors characteristics in mind!'®. Pulse shaping is then
implemented in a different module without the restriction of needing to be in a relative
close proximity'®. Detectors, like the PMT, that produce relatively large signals in their
outputs relaxes restrictions of noise contribution in the preamplifier and charge integration
of the pulse at the detectors output and can be performed using inexpensive models such
as a Model 113 or a Model 142IH'®. Traditional methods implement an analog module,
typically a shaping amplifier, to shape the charge integrated pulses from the preamplifier
into a Gaussian shape. The height of the shaped pulses can then be read by a multi-channel
analyzer to perform spectral analysis. More recent methods take in the preamplifier pulses
and directly digitize them using a digitizer. These digitized pulses can then be processed
with specific quantities of interest being extracted.'. The digital approach allows for the
added benefits of accountable pulse-by-pulse differences, analysis of transient induced charge

signals, reduction in dead time to hundreds of ns, and more .

2.4 Circuit Design

The circuit designed during phase 1 by a previous research team at Kansas State University
operates on a feedback loop with the PMT being supplied with high-voltage through the
different stages of a half-wave CW ladder. The CW voltage is regulated through a set of
electrical components with a micro controller altering the input stage of the CW ladder. The
alteration on the input is carried through the ladder with the final stage being monitored as
the feedback back into the micro controller. The full circuit can be seen in Figure 2.3 and
is then split into several sections with more detail on their functionality and relation to one

another being described below.

10



VDD
L1
I cas, €49 22pH ;jlﬂ
cs2 104 10pF m_‘l‘ﬂ-
s
;Ijm

PIC12F1572
+5V—-r1 VDD u vss 8 ? ~
——— 2 RAS  RAO/ICSPDAT 7 — mr?{
ADC |3 pas 1CSPCLK G |—— PWM
HV_MID
—— 4 RA3/MCCIR RA2 § +——
u2

Figure 2.3: A full circuit diagram of the designed HVPS. Efforts were made to reduce the
total amount of components needed to be placed, while keeping future 3D implementation in
mind. The total number of components is 106.

2.4.1 Designed Front-End Feedback

The Front-End (FE) feedback section of the circuit shown in Figure 2.4 consists of 8 total
electrical components with the main two being a micro-controller (MC) and an inverting
operational amplifier. The HV from the final stage of the CW ladder is represented by
the letter K and passes through the two 400M(2 resistors. These resistors connect into
the inverting operational amplifier which feed into the ADC of the MC. This voltage being
monitored as the feedback is compared to a coded set point. This comparison between the
measured feedback voltage and the set point produces fluctuations in the duty cycle of a

pulse-width modulation (PWM) produced by the MC.

R18
400 MEG

PIC12F1572

UJ

+5V

1 voo
R17
400 MEG

- T.

—— 2 RAS RAO/ICSPDAT7 t——

0.10pF
ADC__13 pag ICSPCLK 6 —— PWM l

—— 4 RA3/MCCLR  RA2 § }——
u2

Figure 2.4: A circuit diagram of the feedback section of the HVPS. The Front-End feedback
monitors the final CW stage voltage and regulates it around a specified set point.

11



2.4.2 Designed High-Voltage Supply

The fluctuation of the duty cycle produced from the feedback circuit feeds into a subsection
of the HV supply circuit named the charge pump. The charge pump is shown in the top
left of Figure 2.5 and includes 4 total electrical components which include two capacitors,
an inductor, and a MOSFET. The PWM continuously flips the gate of the MOSFET at a
fixed frequency of 151 kHz. The MOSFET causes the connected inductor to charge through
the constant switching and results in large oscillatory current spikes to pump into the CW

ladder. These oscillatory spikes provide the required AC voltage for the CW ladder to oper-

ate.
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Figure 2.5: Circuit diagram of the high-voltage supply and charge pump. Includes the
Cockcroft-Walton wvoltage multiplier and the charge pump attached to the first stage of the
voltage multiplier.

The AC voltage applied by the charge pump enters the start of the CW ladder which is
multiplied by each following stage. The voltage is multiplied through 16 total stages with
the final stage voltage being connected to the feedback circuit through the two 400MS2 re-
sisters. Of the 16 total stages, only 13 are used to provide the desired voltage biasing to

properly run the PMT. The stages that are used for dynode biasing branch off into a line
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of capacitors through different resistors that increase in their values the further up they are
in the ladder. These additional resistors and capacitors filter and reduce voltage ripple that
would degrade the signal produced in the PMT.? The points labeled DY12 and K have a
separation of one CW ladder stage between other dynode stages to better fit the voltage
distribution ratio of the tapered divider specified in the R11265U series data sheet.! The

charge pump and the filtered CW ladder can be seen in Figure 2.5.

2.5 Additive Manufactured Circuit

Researchers at Kansas State University have been investigating the fabrication of a 3D cir-
cuit using additive manufacturing techniques. The HVPS circuit described above kept the
end goal of additive manufacturing in mind with the next phase being the implementation of
additive techniques to build the final power supply.? The fabrication methods implemented
include the use of fused deposition modeling (FDM) to print the foundation material and the

extrusion of conductive paste to produce the traces and connections between components. '’

To construct an additive manufactured circuit with the desired parameters, specialized equip-
ment was required. The nScrypt 3Dn-300 system was chosen based on its printing and 3D
manufacturing abilities. The 3Dn series is described to be a factory in a tool that is ad-
vertised to be a high-precision motion platform for 3D manufacturing. The internal gantry
platform consists of 1-5 tool heads with high-precision motors capable of 10nm resolution
and up to 1 micron accuracy.'® The tool heads and internal equipment included on the 3Dn
series are a hot end nFD pump, SmartPump 100, Real-Time Processing View, nScan Sur-
face Mapping, UV Spot Curing Source, Pick and Place, and a milling bit.'® A picture of the
3Dn-300 system is shown in Figure 2.6.
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Figure 2.6: The nScrypt 3Dn-300 system with a view of the gantry system with tool heads.
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The additive manufactured circuits were constructed alongside the Free-Form circuits.
BEach construction method used the same circuit described in section 2.4 along with the
same electrical components. Any limitations or changes to the selected electrical components
caused by shortages during COVID were applied to both construction methods to keep the
comparison between the two consistent. An example of an additive manufactured printed

HVPS prior to being placed in its printed enclosure is shown in Figure 2.7.17

Figure 2.7: Top down view of a printed prototype prior to being enclosed inside a printed
housing.
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Chapter 3

Free-Form Construction Methods

3.1 3-dimensional circuit design

The circuit that was designed took 3D construction into consideration, but was verified using
traditional methods on a PCB board. To transition to a non-traditional method, the circuit
needed to be split into separate subsections that could be attached directly to each other
once oriented properly. The method of connecting circuit components directly to each other
is reminiscent of the point-to-point construction method commonly used prior to the use of
PCBs. Point-to-point construction used the leads off of components to bridge between con-
nections to reduce the need for additional wires. A modern example of this technique shows
up in terminal strips or turret board’s where the circuit is soldered to an electrical assem-
bly.'? A more artistic and modern approach, similar to point-to-point, goes by the name of
"Dead-Bug”, ” Air Wired”, or "Manhattan Circuits”. This style of circuit construction im-
plements shorter connections by soldering directly between components or to a copper plate
without the use of a PCB.?" Additive manufactured circuit fabrication is being investigated
to fabricate a form-factor free device system that implements 3D electronic to free-standing
structures.?! Taking inspiration from these different circuit construction methods, tempo-
rary scaffolding was implemented to provide support to build up the 3D circuit where only

proven materials could be used to make the connections. This construction method using
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sections built off temporary supports was named Free-Form due to the implementation of
a form-factor free design where electrical components were connected directly to each other
and short lengths of wire were used to make longer interconnections. The first of these sub-
sections built using the FF method was the CW voltage multiplier which was made into a
sub-assembly hybrid component. This hybrid component was then used as the main struc-
ture to build the FF high-voltage supply circuit. The Front-End feedback and charge pump
were the last subsection to be built using another form of temporary support in the form
of alignment stencils. All of the sections were then placed in their final orientation and

connected together resulting in the fully assembled FF HVPS.

3.2 Free-Form High-Voltage Supply Construction

The HV supply circuit section is a combination of CW voltage multipliers, filtration , and
alignment pin connectors. FEach of these subsections was built off of the previous stage
using temporary scaffolding structures that consisted of rigs that would hold the parts in
place and keep component spacing consistent while connections were made. Some rigs used
heat resistant materials in the areas near where solder paste is dispensed and reflowed. The

desired FF HV supply design and placement within the PMT is shown in Figure 3.1.

Figure 3.1: The desired placement within the PMT for the high-voltage supply circuit.
The space between the external pins and the central pedestal was used to improve volume
utilization.

17



3.2.1 Hybrid free-form Cockcroft-Walton Ladder

The half-wave CW ladder was designed to use itself as the scaffolding. Components were
placed on top of one another and attached creating a voltage multiplier that could be treated
as a single component. The FF CW voltage multiplier was labeled as hybrid part and was
held in different orientations to act as a foundation to build off of to form sub-sections of

the final circuit.

The ladders start as two lines of eight 0805 capacitors placed end-to-end inside channels
of an aluminum rig to keep the spacing between capacitors consistent and to keep each line
straight. Solder paste was used to connect the ends of the capacitors which provided struc-
tural integrity for diode placement. A line of capacitors being connected is shown in Figure

3.2. An MPP1 model manual pick-and-place machine from FORTEX was used to place the
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Figure 3.2: Two lines of capacitors are placed inside channels of an aluminium rig to keep
their shape constant.

capacitors along with the 0402 diodes in the proper orientation to provide negative voltages
on the increasing stages. A small amount of additional solder paste was dispensed on the
connected capacitors to provide some adhesion for the diodes to stay in their respective
places. This additional solder used with the previously connected capacitor lines allowed for
the reduction of solder required to make the connections. Too little solder paste resulted
in disconnections or misalignment of parts while excess solder resulted in shorts. A total
of 16 diodes were placed to complete each hybrid CW ladder. After reflow, each ladder
was visually inspected using the built in camera on the MPP1. Any flawed connections were

manually adjusted, cleaned, and reinspected. The hybrid CW ladder was then removed from
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the rig, cleaned thoroughly, and verified using a digital multi-meter at each diode.

Each hybrid ladder could provide 8 of the 16 stages needed to drive the PMT. This re-
quired two hybrid ladders for each HVPS with the ends connected to provide the increasing
voltages at each stage between the two ladders. The reason for splitting the ladder into two
sections was due spacing restrictions and dynode connection placement. The length of the
full 16 stage ladder causes issues with the spacing within the recessed connection region on
the PMT. Splitting the ladder in two allowed for better utilization of the space available
while also placing the ladder stages closer to their respective dynode stage. The distance
required to connect the ladder stages to their dynode stages was reduced to allow room for

future filtration. A figure showing a finalized CW ladder is shown in Figure 3.3

Figure 3.3: An cight stage CW hybrid ladder makes up half of the total 16 stage CW ladder
required to run the PMT.

3.2.2 High-Voltage filtration

The filtration for the CW ladder was optimized to have a cutoff frequency of 150 Hz at each
connection to the dynode stage. This was accomplished by increasing resistor values along
the ladder as the capacitance to ground decreased.? The reasoning for the inclusion of the
filtering section was to further reduce additional ripple that is present in the voltage supplied

to the dynode stages and to improve signal quality?.

The filtration was constructed using the CW ladder hybrid component as the foundation

along with temporary scaffolding used to hold parts in their place during connection. The
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temporary scaffolding was made out of highly thermal resistant epoxy molded in the shape
of a shallow trench used to hold capacitor lines and a deeper cavity used to hold the hybrid
ladders on its side. Small 0402 sized resistors of varying values branch off from specific
stages of the CW ladder and connect to another line of capacitors using solder paste. This
secondary line of capacitors was constructed using the same aluminum rig used for the lad-
ders. One hybrid CW ladder section contains 8 filter capacitors while the secondary hybrid
ladder has 7 filter capacitors making up the 15 total required. The resistors were placed
individually with their pads directly on the capacitors to form component-to-component
connections minimizing the size and distance between parts. Parts were visually and elec-
trically inspected for shorts and disconnections after all solder connections were made. An
example of a pair of ladders with added filtration is shown in Figure 3.4. After validation,
the temporary scaffolding was removed and the sub-section moved onto pin alignment and

branching between the split ladders.

Figure 3.4: A pair of CW ladders with resistors branching off select points to another
capacitor line acting as filtration. This filtration reduces ripple and improves signal quality.
A penny is used for a size comparison

Another temporary support structure was used along with a slightly modified E678-
19K pin alignment socket. This temporary support was also made using high temperature

resistant epoxy and holds the ladder parallel to the pins with the filter capacitors branched
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out at a 90° angle. The modified E678-19K socket had a side removed for better support
placement and removal. The two ladder sections were placed and individually connected
directly to the gold plated pins. Most of the connections were component-to-pin with little
to no space between contact points. Several pins had longer distances to their respective
capacitor and small copper wires were used to make the extended connections. After a visual
inspection, the temporary supports were removed and the modified E678-19K alignment
socket served as scaffolding holding the HV supply circuit in its final orientation. A layout

for each pin on the aligned FF high voltage supply is shown in Figure 3.5.

Dyl2
Dyll
Dyl0
IC(P)
Dy9
Dy8
Dy7
IC(P)

Figure 3.5: The CW with filtration connected to the proper connection pins using an align-
ment pin socket for the R11265U series PMT.

With the socket holding the high-voltage supply section in place the bottom ends of the
ladders were connected to form a split full 16 stage ladder. Three copper wires were cut to
length and attached to the top and bottom capacitors that make up the sides of the CW
ladder and to the filter capacitor line. Another set of visual and electrical verification checks

were taken using a digital multi-meter to ensure no accidental reflow occurred to the diode
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and filtration connections. An example of a fully connected and verified high-voltage supply

circuit is shown in Figure 3.6. All the temporary scaffolding used for the RC filtration

Figure 3.6: An angled view of a verified FF high-voltage supply circuit. This section is now
ready for connection to the front-end circuit to make up the HVPS.

connections, filtered ladder alignment, and pin alignment is shown in Figure 3.7. Due to
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Figure 3.7: A top-down view of the temporary scaffolding used for RC filtration connection,
filtered ladder alignment, and pin alignment.

the materials used, the temporary scaffolding could easily be remade, molded and shaped

allowing for different orientations and multiple connection pathways to be explored.
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3.3 Front-End Feedback

The FE feedback circuit was split into several layered subsections to properly fit within the
remaining space inside of the PMT which is shown in Figure 3.8. These layers were then
stacked and attached to the inductor to produce the full feedback circuit with the inclusion of
the charge pump section. The subsection construction stages include the MC to MOSFET,

the inverting operational amplifier with feedback resistors, and the charge pump.

Figure 3.8: Desired design and placement within the PMT for both the feedback and charge
pump circuits.

3.3.1 Front-End Stencils

The stencils used for the FE were made of thin stainless steel sheets typically used to spread
solder paste across a PCB. Shapes were cut into these steel sheets to the size of the electrical
components used to make up the sections of the FE circuit. The cut out regions took into
account the sizing tolerances for each individual electrical component with the largest stated
dimensions being used in the design. The sheet was then cut into smaller square parts
with pin holes used for alignment purposes. Multiple square sections have the same design
which allow several stencils to be stacked so larger components stay seated in their respective

region. A design of the stencil sheet can be seen in Figure 3.9.
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Figure 3.9: Stainless steel stencils design used to hold the front-end components in place
during construction.

3.3.2 Front-End Micro-controller and MOSFET

The first layer of the FE includes a pre-programmed MC, MOSFET, and two capacitors.
Two stencils were stacked on top of each other making a rig that holds all four components
in place. A representation of a populated stencil is shown in Figure 3.10. Connections had
little to no space between components, but the smaller pad sizes on the MOSFET and MC

gave rise to issues using direct connection with just solder paste.

Figure 3.10: An example of a populated stencil with the micro-controller, MOSFET, and
capacitors in their respective locations.

The implementation of 0.02 mm jump wire was used to improve the quality of connections.

This wire was made into custom sized stranded wire able to make the required 3D shapes
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to connect each component together. The thickness of the custom stranded wire could be
change which eliminated accidental shorts between close connections commonly observed
when using 27 AWG solid copper wire. The final diameter of the custom stranded wire was
measured to be 0.43 mm in diameter or 28 AWG stranded wire. The process starts with a
section of the custom wire being measured, shaped, and attached to the desired pads. The
grounding between the components was connected through the large middle pad on the MC
to reduce grounding issues. A set of thinner wires was connected to the MC pads required
for programming. This allowed for updated code to be uploaded after the final assembly of

the whole circuit. A fully connected example of the first layer is shown in Figure 3.11.

Figure 3.11: Layer 1 of the front-end section. This layer includes the micro-controller,
MOSFET, and two capacitors. Custom stranded 0.02mm jump wires were used to make
connections. A penny is used as a sizing reference.

Several revisions were made after receiving the stencils. Some of the smaller components,
like the capacitors, were rearranged allowing for more direct connections. Further details

will be discussed in the layer combination section 3.3.4.
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3.3.3 Front-End Inverting Op-Amp

The second layer of the FE includes the inverting operational amplifier, a resistor capacitor
pair, and the two 400M(2 feedback resistors. The op-amp was treated as the central compo-
nent with every other component branching off. The 2.4Mf) resistor and 100 pF capacitor
were stacked on top of one another and placed at the top edge of the op-amp. The two
400MS2 resistors were attached end-to-end to one another and then placed directly above the
100 pF capacitor. The smaller sized components occasionally had movement issues while
being connected. To minimize this issue, manual clamping was implemented through the
use of small tweezers. Solder paste and thin custom stranded wires made the connections.
A Solid Works rendering of the assembled circuit is shown in Figure 3.12. Slight changes
were made after the stencil designs were received with the final iterations moving a capacitor
from the first layer to the opposite end of the op-amp. This alteration is described in further

detail below.

Figure 3.12: A SolidWorks rendering of the second layer of the front-end circuit.
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3.3.4 Front-End Layering

The second layer was placed on top of the first forming the 3D FE circuit. To add structural
support and help with the adhesion, DP-270 non-conductive epoxy was applied to the bottom
of the op-amp and to the backside of the MC. The epoxy was also added to the gap between
the MOSFET and MC to provide further mechanical support. Connections between the
layers were made after allowing the epoxy to fully cure. Most of the connections lined up
next to each other based on how the op-amp and MC were oriented during layer combination.
Short stranded wired connections were used to complete the FE circuit. The completed
FE circuit was then connected to the charge pump components after passing a visual and

electrical inspection.

Figure 3.13: A SolidWorks rendering of the combined front-end circuit with the mentioned
altered placement of a capacitor.

Several layer combination revisions were made with the placement of different components
changing slightly. The two 0.10uF capacitors were rearranged to stack on top of one another
to provide a more direct connection between the grounding pads of the op-amp, capacitors,
and MC. This rearrangement also moved the op-amp back which resulted in shorter con-
nections between itself and the MC. An example of the FE section is displayed in Figure
3.13
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3.3.5 Front-End Charge Pump

With the layered 3D FE section completed the inductor and two 10uF capacitors were
attached to form the charge pump that feeds the CW ladder. The large pad on the MOSFET
was connected to one of the inductor pads with the spacing of this placement being crucial
to allow this section of the circuit to properly fit within the gap between the split ladder
portion of the high-voltage supply circuit. After insuring there were no shorts between the
inductor and the MOSFET the other inductor pad was connected to two 10uF capacitors in
parallel. These capacitors branched outwards from the inductor towards the op-amp. A top

and bottom view of these connections are displayed in Figure 3.14.

(a) Interconnected Front-End (b) Interconnected Front-End
Top Bottom

Figure 3.14: A top and bottom view of the combined front-end circuit attached to the charge
pump. Top view is prior to the connection of the two 400 MS) resistors to the op-amp.

The ground connections for all of the FE components passed through the middle pad on
the MC. A custom stranded wire connected to this central grounding pad and branched
out to the charge pump capacitors that attached directly to the inductor. This wire then
continued to extend past the capacitors for future external connections in the final assembly.
The power line branched off from component connections that formed at the two 0.10uF
capacitors near the op-amp and MC. Custom stranded wire started at these two capacitors
and then passed over the MOSFET to the inductor pad where the two 10uF capacitors were

attached. The power line also extended past the inductor for future connections.
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3.4 Combined Circuit

The main foundation used for combining the separated sections of the circuit was the high-
voltage supply while still attached to the E678-19K alignment socket. The FE circuit was
placed on a flat elevated platform to better orient it to the high-voltage supply. Solid
copper wire connected the inductor to the first stage of the CW ladder. This connection
also stabilized the FE from moving during other connections. The ground connection for the
ladder and filter capacitors were connected with custom stranded wire and extended past the
inductor and met up with the grounding wire from the FE. The feedback resistors connected
to the final stage pin of the CW ladder with the distance between the components being
short enough to allow for a direct connection using a small amount of solder. A custom
stranded wire connected to the anode pin for the future signal out connection in the final
assembly. The elevated platform holding the FE in place was removed after the connections
were verified electronically and visually. An example of the combined circuit is shown in

Figure 3.15.

Figure 3.15: A top view of the combined circuit excluding the additional stranded wire on
the anode pin. A penny is included to provide a reference for the size of the assembly.

The custom stranded wires seen near the lower right corner of the inductor were used to
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attach to the external connections for power, ground, and signal. Prototype B had an extra
external connection to monitor the PWM from the MC. An example of this extra connection
is present in Figure 3.15. The external connections were 90° header pins that were attached
to a 3D printed enclosure that housed the final HVPS. The printed housing was designed to
provide structural support during use and to minimize the final dimensions of the HVPS. The
combined circuit was placed inside the printed housing and the connections to the power,

ground, and signal out header pins were made.

Due to the FF construction of the circuit the only structural supports were the solder and
wired connections. To provide additional strength and support, DP-270 non-conductive
epoxy was used to back fill the housing around the HVPS. This provided structural strength
to the devises while also preventing the combined circuit from arcing on itself during op-
eration. To account for the space required by the central pedestal in the PMT, a water
soluble PVA 3D printed pedestal was placed in the middle of the circuit. The DP-270 non-
conductive epoxy filled the inside of the housing up to the flared rims of the golden pins.
After curing for 24 hours the temporary pedestal was dissolved and the E679-19K alignment
socket was removed. What was left was the final assembly of the FF HVPS to power an
R11265U series PMT. Examples of the fully assembled HVPS’s are shown in Figures 3.16
and 3.17.

A total of two HVPS were constructed with the differences between them being that proto-
type A included wired reprogramming connections and prototype B had an extra external
connection to monitor the PWM of the MC. The additive manufactured or ”printed” proto-
type, fabricated using the 3Dn-300HP system, was also constructed and housed in the same
printed enclosure used for the two FF prototypes. The final bulk dimensions for prototype
A were 2.99 x 2.78 x 0.75 cm with a bulk volume of 6.23 cm3. Prototype B had the final bulk
dimensions of 2.98 x 2.77 x 0.87 cm with a bulk volume of 7.18 em?. The printed prototype
had the bulk dimensions of 2.99 x 2.77 x 0.865 cm with a bulk volume of 7.164 ¢m?. The
bulk dimensions of the E11807-01 divider socket were 2.61 x 2.615 x 1.498 cm with a bulk
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(a) Prototype A (b) Prototype B

Figure 3.16: Bottom view of both fully enclosed FF HVPS prototypes.
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(b) Prototype B

(a) Prototype A

Figure 3.17: Top view of both fully enclosed FF' HVPS prototypes while attached to the top

of the R11265U series PMT.

volume of 10.20 em?®. This resulted in an overall volume reduction of 38.8% for prototype
A, 29.7% for prototype B, and 29.7% for the printed prototype. The E11807-01 socket only

includes the housing that contains the divider resistors while requiring an external high-
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voltage source. The FF constructed prototypes, along with the printed prototype, include

the high-voltage supply circuit and the control circuit while only requiring an external input

of 5V. Each prototype is shown in Figure 3.18.

e R

(a) Prototype A (b) Prototype B (c) Printed prototype

Figure 3.18: Top view of all fully enclosed HVPS prototypes while attached to the top of
the R11265U series PMT.

The weights for each prototype were taken with prototype A weighing in at 7.73g, proto-
type B weighing 8.70g, and the printed prototype weighing 8.36g. The E11807-01 resistive
divider was weighed without the BNC connectors and was 11.84 g. This resulted in a total
weight reduction of 34.7%, 26.5%, and 29.4% for prototype A, prototype B, and the printed
prototype respectively. A comparison between the E11807-01 and prototype A is shown in
Figure 3.19.

The connection pins are visible on both the E11807-01 and prototype A. Fewer pins are used
on the E11807-01 with disconnected holes taking their place due to specified interconnections
on the R11265U series PMT!. All prototypes required connection pins at all locations for
proper attachment to the PMT without epoxy blocking the pins.
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Figure 3.19: An underside angled comparison of both the E1180
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Chapter 4

Measurements and Results

4.1 Electrical Characteristics

A set of electrical tests were conducted to characterize the functionality of the HVPS on
and off the PMT. These tests include measurements of dynode stage voltages, photocathode
voltage regulation, photocathode voltage stability, and power consumption. The testing set
up is described in the subsections below along with their resulting measurements. Prototype
A and the printed prototype were uploaded with the finalized code after tuning of the
regulation around a set point. Prototype B had a previous version of the code prior to
final tuning. It was unable to be updated due to the lack of reprogramming connections.
A comparison between the E11807-01 resistive divider socket and all the prototypes is also

provided when applicable.

4.1.1 Dynode Voltage Distribution Ratio

A total of 13 pins connect to stages on the CW ladder with the voltages increasing at each
advancing stage. To measure the voltages at each of the 13 stages, the prototypes were
probed while off of the PMT with a 25M(2 load resistor to act as an intensive load on the
circuit. This resistor value was chosen after taking current pulse measurements using a *"Cs

source. An average of this current pulse was used to represent a high count rate environment
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and a large load on the HVPS. From this averaged current, a 25M() resistor was selected to
simulate the high intensity load. A 100X probe was used to measure the HV at each pin
with the mean value monitored on an oscilloscope with a time scale of 2.5us. The voltages
for the 13 stages were calculated for the E11807-01 resistive divider socket using the internal
resistor network shown in Figure 4.1.1 The calculation used a value of -840V as the HV

E11807-01 (Tapered divider type)
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Figure 4.1: A circuit diagram of the E11807-01 showing the resistor network used to provide
the biased voltages to each of dynode stages and the anode.

input to better match the anode voltages of the prototypes. Having the photocathodes set
to similar voltages allowed for a better comparison between all stages. A plot of the voltages
for all prototypes and the E11807-01 socket are shown in Figure 4.2. All bases share a linear
section during the intermediate stages while having an increase in the voltage drop at both
ends. All three prototypes have a lower voltage at the stages near the anode than that of
the E11807-01 socket, but surpass the E11807-01 at stages 5 to 0 These plot points shows

some slight differences between the voltage bias levels at the different stages while keeping
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the overall shape constant.

High Voltage Prototypes vs E11807-01 Divider
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Figure 4.2: A plot of the voltages measured at each of the 13 stages for prototype A,
prototype B, printed prototype, and the E11807-01 resistive divider.

4.1.2 Photocathode Voltage Regulation

The photocathode is located at the end of the CW voltage multiplier and receives the highest
voltage out of all the stages in the PMT. This stage was the reference point for the feedback
circuit to monitor and regulate the voltage at a selected set point. Any irregularities in the
regulation will be largest at the photocathode due to it being the final stage of the voltage
multiplier. To monitor the regulation, the photocathode was probed while off of the PMT
with a 25M(Q) load resistor. With the oscilloscope set to DC coupling and a larger time
scale of 250ms any fluctuations around the mean voltage were recorded using oscilloscope
cursors. The cursor placements were determined by the largest voltage peaks above and
below the mean measure voltage. While operating on a 45V input the photocathode mean

voltage measured -835V with a percent fluctuation of 4+0.36% and —0.60% for Prototype
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A. Prototype B had a mean voltage of -847 V with a percent fluctuation of +0.35% and
—0.83%. The printed prototype had a mean voltage of -881 V with a percent fluctuation of
+0.68%. The slight decreases in mean voltages are attributed to the larger time scale where
more of the HV regulation was averaged. A photocathode regulation measurement wasn’t
recorded for the E11807-01 socket due to the HV being supplied by an external NHQ 103M
benchtop HVPS.

4.1.3 Photocathode Voltage Stability

A measurement recording the stability of the photocathode was collected over an extended
period of time to monitor any unintended changing trends of the final CW stage voltage.
Trends where the voltage slowly changes over time would cause issues with the ability for
the full detector system to operate properly. An example of poor operation quality would
be unintended trending fluctuations in the voltage reducing the energy resolution during
gamma-ray spectroscopy. The photocathode was probed while off of the PMT with the
addition of the 25M(Q load resistor. Measurements of the mean voltage were recorded from
an oscilloscope in increments of 30 seconds over the course of an hour. These points were
then plotted against their percent fluctuation from the total averaged voltage from the data
set. Prototype A had an average voltage of -839 V with maximum fluctuations of +0.22%
and —0.25%. Prototype B had an average voltage of -849 V with maximum fluctuations
of +0.27% and —0.66%. The printed prototype had an average voltage of -884 V with
maximum fluctuations of +0.148% and —0.19%. The stability plotted in Figure 4.3 is a
good representation between the finalized tuned code uploaded to both prototype A and the
printed prototype and a previous version of the code uploaded to prototype B. Both reach
similar voltages but the stability of prototype A and the printed prototype is shown to be
more consistent with voltage measurements hovering around the average. The resolution
of the oscilloscope can be observed through the constant deviations observed. A stability
measurement was not made for the E11807-01 socket due to the externally supplied HV

which would have changing characteristics based on what type is used.
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Figure 4.3: A plot containing all prototypes with photocathode voltage fluctuation measure-
ments made in 30 second increments over the course of an hour.

4.1.4 Power Consumption

The power consumption of the HVPS was taken while attached to and driving the PMT
detector assembly. The consumption of power from the prototypes was dependent on the
amount of incident radiation that was seen by the scintillating crystal. The intensity was
increased with the use of radioactive check sources stacked around or near the crystal. The
incoming count rate (ICR) was monitored off of a CAEN pulse height analysis (PHA) desktop
digitizer which calculated the amount of radiation that was being detected. The method to

calculate a proper estimation of the ICR that the digitizer uses is a summation of the

following events.
1. Events that are considered good that are going into an energy spectrum.
2. Events that are rejected by any user selections.
3. Events that are rejected through the time ordering algorithm of the software.
4. Events that are rejected due to saturation of the digitizer input stage

5. Pile up events that are counted twice. If there are two overlapping events within the
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integration gate, there will be no trigger for the second one and an algorithm for pile

up rejection will only tag the first one.
6. Poissonian event: Estimated lost events that occur during the Trigger Hold-Off time.
7. Poissonian event: Estimated lost events that occurred during a memory full condition

Further detail over the digitizer and the software used is provided in Section 4.2. All the

check sources used to obtain the increasing ICR’s are given in Table 4.1.

Table 4.1: Check sources used to obtain incoming count rates for power consumption mea-
surements.

Check Source Incoming Count Rates (cps)

100 | 1,000 | 15,000 | 43,000 | 100,000 | 175,000
BT05 10.004Ci | - | X X X
B0 1.08uCi | -
B7Cs 1.00uCi | -
13705 0.259uCi | -
09Cd 1.04uCi |-
903 1.03uCi | -
904 1.00uCi | -
% 7Zn 1.14uCi - X
% Zn 1.00uCi | -
2Na 1.05uCi | -
2Na 1.00uCi | -
0Co 1.00uCi -
0C00.949uCi | -
Co 1.09uCi | -
B Bq 1.07uCi | -
BB 1.06uCi | - X
133Ba 1.00uCi | - X
2 Eu 1.00uCi | -
2R 0.983uCi | -

sikslkalle

skl ikl e i Rt R e R e R e e e

Measurements of the power consumption were made on a bread board that was monitoring
the voltage drop of the 5V input across a 102 resistor. The resistor was in series between

the output of the 5V power source and the input of the prototype HVPS’. The voltages at
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both ends of the resistor were monitored using 10X probes and the drop was measured using
the math function on a oscilloscope. The power consumption was calculated using Equation

4.1 were the current is calculated using the voltage drop over the resistor.

AV
Powerconsumption|mW] = 1000 % [ x V' = 1000 x* Toa 5V (4.1)

These measurements were taken over a range of ICR levels and then plotted for all three

prototypes with the plot shown in Figure 4.4.
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Figure 4.4: A plot of the prototype power consumption’s based on the incoming count rate
from a pulse height analysis digitizer.

The ICR ranges between a background measurement of 110 counts per second (cps) to just
under 180,000 cps. The values for the lower count rates are slightly larger for prototype A
than those of prototype B. Prototype A consumes between 23.13% to 8% more power during
these low count rates ranging between 110 to 43,000 cps. The power consumption’s between
the two FF prototypes starts to align at 100,000 cps and continue up to the final ICR of
180,000 cps where both consume 53.4 mW. The power consumption of the printed prototype
starts at a similar value at background with respects to prototype A, but starts to increase

past both FF prototypes as the ICR increases. The maximum measured consumption for
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the printed prototype was 69.53 mW at an ICR of 155,000 cps. The minimum no-load power
consumption of the E11807-01 resistive divider was calculated using an input voltage of -
900V and the total resistor sum of 2.69 M) with a value of 301 mW. This consumption is
for the resistive divider alone without running the PMT. A comparison of the background
power consumption of the prototypes to the no-load power consumption of the E11807-01
show a reduction of over 90%. The power consumption of a similar circuit using a 14-stage
CW voltage multiplier to power a FEU84-3 PMT had a maximum power consumption of 150
mW. A comparison between the prototypes and this triple PCB board stack circuit show
a reduction of 64.4% in maximum power consumption for prototype A and B and a 53.6%

reduction for the printed prototype.

4.2 Radioisotope Spectroscopy

The fully assembled detector system was tested and evaluated using spectral analysis of
various different check sources. The fully assembled detector system includes the scintillating
crystal, R11265U series PMT, HV bases, and a prototype read-out board. Comparisons
between the prototypes and the E11807-01 are shown in the resulting spectra. An evaluation
of the overall spectra shape is made for each check source along with a comparison to the

energy resolutions for the full energy peak of 137Cs.

4.2.1 Scintillating Crystal

The scintillating crystal used for spectroscopy was a Cesium lodide material activated with
Sodium (CsI(Na)). This type of activated scintillating material has an wavelength emis-
sion maximum peak of 420nm.*? This emission peak matches well with the photocathode
sensitivity of a bialkali PMT, which is the material used in the R11265U series PMT’s.??
CsI(Na)’s photoelectron yield for gamma-rays is 85% of Nal(T1) with a primary decay time
of 630ns. A light output for CsI(Na) is 41,000 photons per Mev.??. The mechanical and

thermal shock resistance of CsI(Na) is considered good making it well suited for harsh and
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mobile environments.?® The crystal is hydroscopic and is protected from moisture using a
thin metal enclosure. The crystal along with the attached R11265U series PMT are shown

in Figure 4.5.
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Figure 4.5: The 1 inch = 1 inch z 3 inch CsI(Na) crystal encased in a metal housing
attached to the R11265U series PMT.

4.2.2 Digitizer

Signals from a PMT are typically fed through a preamplifier and a shaping amplifier to
increase the magnitude of the signal pulse and to shape it into a Gaussian shape. A multi-
channel analyzer (MCA) is then used to analyze the shaped pulses and place them into bins
forming a spectrum. Another process that can be used to build spectra takes the analog
pulses from the preamplifier and converts them into digital data through a device called a
digitizer. The signals from the prototypes and the E11807-01 were fed into a preamplifier
and then directed into a digitizer replacing the shaping amplifier and MCA. Based on the
firmware type of the digitizer the pulses are analyzed by Pulse Shape Discrimination (PSD),
Pulse Height Analysis (PHA), or Charge to Digital Converter (QDC)?*. The digitizer then
runs through a PC using the provided software known as CoMPASS where the user can

change parameters or view the data that has been digitized.

The firmware used for prototype A, prototype B, printed prototype, and the E11807-01
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was the PHA firmware which is mainly used for high resolution spectroscopy?*. This digital
approach of pulse height analysis synthesizes the process from the shaping amplifier all the
way to the PC into a singular device known as a digitizer?®. Using this digitizer allows for
new techniques based on field-programmable gate arrays to change the parameters of the
readout based on the characteristics of the detector used. This allows different detectors
to be used to detect different radiation while using the same hardware?*. The algorithm
that is implemented in the multi channel analysis of this PHA digitizer is based on the
Jordanov trapezoidal filter and is called Digital Pulse Processing for Pulse Height Analysis
(DPP-PHA)?*. This filter has the ability to take the exponential decay signal produced
by the preamplifier and transform it into a trapezoid. Proportionality to amplitude of the
input pulse which is proportional to the energy deposited by the incident radiation inside
the detector comes from the height of the flat top of this trapezoid®*. This trapezoid acts
similar to a traditional shaping amplifier with the trapezoid having shaping time constants
and needs calibration in respects to the pole-zero. An increase in resolution is achievable
with the PHA digitizer through the use of longer shaping times, but this comes with the
increased risk of more pile-up events?. The trapezoid rise time has a coorelation factor

ranging between 2 to 2.5 which corresponds to the shaping time of a traditional set up?*.

Multiple settings needed to be optimized to properly setup the PHA digitizer to collect
spectra. Multiple sets of analog to digital traces can be depicted using the waveform inspec-
tor provided in the CoMPASS software. Starting with the "DC offset”, the baseline of the
input signal is moved to cover the entire pulse and to avoid saturation®. The trigger and
timing filter is used to identify pulses from the input, generate a digital signal that identifies
pulses, and calculate event times. To do this, a digital RC-CR? filter is performed and is
optimized by setting the ”fast discriminator smoothing” factor to 16. Next the ”input rise
time” is set and a bipolar signal is observed in the waveform inspector window. The peaks
should be slightly curved and smooth without a flat top. The ”threshold” is adjusted and
moved to just above the noise of the RC-CR? to remove unwanted peaks in the lower bins?’.

After optimizing both the DC offset and the trigger and timing filter the trapezoid can be
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optimized for either low rate cases of up to a few hundreds of Hz or high rate cases of up to
tens of kHz. A high rate case was chosen for the spectral analysis used for the prototypes
and the E11807-01. To optimize for high rate cases the "trap. rise time” is typically reduced
to a setting of 1-4 ps and the "trap. flat top” is set to 1 us. During the optimization for
each of the prototypes and the E11807-01 the trap. rise time was set to 5 us and the trap.
flat top was set to 3 us. The top of the trapezoid is inspected in the waveform inspector
to insure that it is flat. Settings can be adjusted from the suggested values to achieve the
desired trapezoid. The peaking position ”peaking time” and number of samples can also be
adjusted based on the shape and flatness of the trapezoid if necessary?®. With the trapezoid
optimized, the pole-zero is adjusted to try and remove any under or overshoot which will
effect both the baseline of the trapezoid and the evaluation of the energy value?. The issue
of having either a flat trapezoid top or no over/undershoot occurred for both prototypes
and the E11807-01. It was decided to prioritize the flatness of the trapezoid and allow slight

over/undershoot with the settings tuned to minimize its effects on the final spectra.

4.2.3 Testing Setup

The optimization of the detector system was conducted in the final testing setup where
spectra could be taken without the need to introduce additional equipment. The full testing
setup consisted of the CsI(Na) crystal attached to the R11265U series PMT and either a
prototype or the E11807-01 cap driving the PMT. The detector system was operated using
a 5V input from a RIGOL DP832 programmable DC power supply for the prototypes or
a -900V input from a NHQ 103M NIM module HVPS for the E11807-01. The raw pulses
of the E11807-01 were connected directly to a BNC cable while the raw prototype pulses
were connected through a small readout board to convert the header pin connection to BNC.
These raw signals from the detector system were fed into the input of a ORTEC MODEL 113
preamplifier through a T-split BNC junction with a 10K resistor in parallel. This resistor
was added to the input to speed up the decay of the pulses and to alter their magnitude.

The input capacitance of the preamplifier was set to 1000 pF. The magnitude of the out-
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put pulses saturated the digitizer at higher energies causing issues encapsulating the 3 MeV
range during radiation spectroscopy. To reduce the magnitude of the pulses being seen by
the digitizer a 20 dB attenuator was attached in series to the output of the preamplifier. This

reduction eliminated digitizer saturation and allowed the encapsulation of a 3 MeV range.

During measurements the detector system and the check source were set on top of the foam
inside the Pelican case used to store the detector. The check source was placed 2 inches away
from the middle of the broad side of the crystal and was held in place using small slits in the
foam. A depiction of the typical setup is shown in Figure 4.6 with a front view and a top

view used to show off all components used. The digitizer connected directly to a PC running

(a) Testing setup front (b) Testing setup top

Figure 4.6: Testing setup used for spectral analysis with a '3 Cs check source placed 2 inches
from the crystal and prototype B attached to the PMT.

the CoMPASS software through a USB connection. A total of 2048 bins was selected to be
used for spectral analysis. Prior to check source measurements, the fine gain was adjusted
through the software for each base. This moved the full energy peak of the ¥7Cs check
source near channel 450 which correlates to an energy nearing 662 keV when converted to a
3 MeV range. This peak adjustment reduces the magnitude of energy calibration required

for the finalized spectra.
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After tuning the fine gain, spectral data was recorded and exported for post processing
in python. The first spectrum taken was a background measurement that was collected over
the course of 30 minutes. This time was preset using the acquisition tab on CoMPASS. After
a background measurement was recorded the resulting spectral plot was exported as a CSV
file and multiple screen shots were saved using the built in screenshot tool on CoMPASS.
A set of statistics of the spectrum are made available through CoMPASS which incliuded
incoming count rate, dead time, and pulse classification. The next set of spectra used sev-
eral check sources. Each source was recorded separately using 6 minute intervals at the 2
inch distance described above and shown in Figure 4.6. The sources that were not currently
being measured were placed outside of the testing room so they wouldn’t contribute to the
spectrum. The check sources used for spectral analysis were a 0.899 uCi 37Cs, a 0.574 uCi
%Co, and a 0.317 uCi 22Na.

4.2.4 Spectral Analysis

Prior to the final tuning of the regulation code on prototype A the PSD digitizer was used to
take early experimental spectral data. Several issues became apparent from this early stage
spectra which included sections of the pulse being cut off in the waveform inspector, lower
channel noise issues, and missing energy peaks at lower energies. To mitigate these issues
further tuning of the regulation code was implemented along with reducing the magnitude
of pulses through attenuation. The digitizer firmware was later switched to that of the PHA
firmware to better analyze the pulses for spectral analysis with the user manual stating PHA
was well suited for CsI.?* All recorded spectra was collected after the optimization of PHA
settings described in 4.2.2 and the uploading of the finalized tuned code to prototype A and

the printed prototype.

A python script was used to perform post-processing of the PHA spectra by reading in
the unfiltered CSV files that were exported from CoMPASS. The data contained in the un-

filtered CSV file consisted of a time tag column, an energy column, and a flags column.
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Additionally, a help file along with an info file titled "run” were generated by CoMPASS
containing information for each of the separate spectral experiments. The python script read
in the energies from the selected CSV and sumed them up into an energy spectrum. The
resulting spectrum produced by this summation of the energies looked identical to spectra
observed through CoMPASS, but it had yet to be energy calibrated or count rate corrected.
The check source spectra also contained background contributions which needed to be sub-
tracted. Additionally the large amount of channels used resulted in rough spiked peaks

throughout the spectra.

To smooth out the spectra, the original 2048 channels were rebinned down to 1024 total
channels. The rebinned spectra was then divided by the run time stated in the INFO file to
count rate correct the spectrum. The run file produced for each spectral acquisition kept the
count rate correction consistent for the difference in time between the background measure-
ment and check source measurements. An energy calibration was then performed through
the use of 3 known energy peaks using both the ¥"Cs and %°Co spectra. The peaks used
in the calibration from the Cs source were the Ba K shell X-ray at 32 keV and the 662
keV full energy gamma-ray peak. The peak used from the Co source was the 1.33 MeV full
energy gamma-ray peak. The channel number of these peaks were recorded using the region
of interest (ROI) tool provided in the CoMPASS software. The known energies of the peaks
and their channel locations were plotted with a 2nd order polynomial trend line used to form
a calibration equation. The multiple peaks along with the 2nd order polynomial calibration
equation were used instead a single peak energy calibration to mitigate any non-linearity in
peak location. This calibration was repeated and applied to all of the base specific spectra
and converted the plots from channels vs counts per second (CPS) to energy vs CPS. After
calibration the count rate corrected background spectrum was subtracted from the count
rate corrected check source spectra. The post processed spectra of each base were then

combined and fully plotted over the desired range of 3 MeV.

The combined background spectra is shown in Figure 4.7 and was used to perform back-
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ground subtraction on the check source spectra. Each of the spectra from the prototypes
and the E11807-01 are shown to reach the desired 3 MeV range. All three spectra are also

shown to overlap with little deviation between each other.
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Figure 4.7: A plot containing count rate corrected background spectra of all prototypes and
the E11807-01. Background was taken over the course of 30 minutes

A notable feature of background radiation shown in Figure 4.7 is the 1.46 MeV *°K peak.
This peak is a component of terrestrial background which is typically made of of 232Th, 28U,
and °K. This grouping of isotopes is commonly known as KUT gamma rays. Other known
contributors to background spectra are from radon gas and cosmic-rays. Only the K peak
is easily discernible from the spectra due to the intrinsic energy resolution of CsI(Na) crystals

blending close energy peaks together.

The spectra shown in Figure 4.8 is the combination of the individual ¥’Cs spectra from all
three prototypes and the E11807-01. The spectra is count rate corrected, energy calibrated,
and background subtracted. All four spectra are shown to overlap with little deviation at

both the full energy 662 keV gamma-ray peak and the 32 keV X-ray peak. Slight deviation
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is apparent along the Compton continuum with prototype B appearing to have a slight in-
crease in the count rate for this region. The width of the full energy peak is slightly larger
for prototype B when compared to to the width for prototype A, printed prototype, and
E11807-01.
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Figure 4.8: A plot containing count rate corrected and background subtracted 37 Cs spectra
of all prototypes and the E11807-01. All*3" Cs spectra were taken over the course of 6 minutes

The energy resolution of the ¥7Cs full energy peak for each base was measured using the
CoMPASS provided ROI tool. The peak was selected and a Gaussian curve was fit over the
region with a linear background fit being applied. From this curve, the ROI calculated the
peak’s centroid, the FWHM, the energy resolution, and several other measurements. An
example of this ROI measurement for prototype A is shown in Figure 4.9. The equation

calculating the energy resolution is shown in Equation 4.2.

FWHM

EnergyResolution|%)] = Controid
entroi

100 (4.2)

The energy resolutions along with their error is provided in Table 4.2. The resolution for

prototype A is 0.094% larger than that of the E11807-01 while prototype B is 0.996% larger
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Figure 4.9: Prototype A ROI measurement of a 3" Cs full energy peak using the spectra
produced by the PHA digitizer on CoMPASS.

and the printed prototype is 0.075% larger. A reason for the discrepancy between the en-
ergy resolutions of the prototypes are that the printed prototype was constructed with the
tuned regulation code, prototype A was reprogrammable and had the tuned regulation code
uploaded, and prototype B had a previous version of the regulation code that resulted in

more fluctuation of its HV as shown in Figure 4.3.

Table 4.2: Energy resolutions of the 3" Cs gamma-ray for all prototypes and E11807-01.

Base Energy Resolution Error
Prototype A 6.949% + 0.027%
Prototype B 7.851% + 0.044%

Printed prototype 6.93% + 0.026%
E11807-01 6.855% + 0.029%

A combination of the individual ®*Co spectra from each of the bases is shown in Figure
4.10. Like the ¥7Cs spectra shown in Figure 4.8 the %°Co spectra have been background
subtracted, count rate corrected, and energy calibrated. The features of all four spectra
overlap with little deviation except for the edges of the full energy peaks. Due to the higher

energy resolution of prototype B shown in Table 4.2 the gamma-ray peaks are depicted hav-
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ing an increased width and less definition than those observed for prototype A, the printed

prototype, and the E11807-01.
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Figure 4.10: A plot containing count rate corrected and background subtracted °Co spectra
of all prototypes and the E11807-01. All%° Co spectra were taken over the course of 6 minutes

A feature that can be observed but is not depicted in the °Co spectra is the summation
peak. The summation peak is the sum of both the 1.17 MeV gamma and the 1.33 MeV
gamma resulting in an peak at an energy of 2.5 MeV. The direction of the two gamma’s
from the °Co source have no relation to one another and are isotropically emitted from the
check source. This causes the probability of summed pulses being observed to be relatively

small for the size of crystal used and the distance that the check source is from the crystal.

Figure 4.11 depicts the combination of the individual ?2Na spectra from the prototypes
and the E11807-01. Like the check source spectra above the ?2Na spectra was background
subtracted, energy calibrated, and count rate corrected. The *Na spectra contains 3 peak
features with little deviation between each of the bases. Again the peaks from prototype

B are slightly wider than those of prototype A, the printed prototype, and the E11807-01
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Figure 4.11: A plot containing count rate corrected and background subtracted **> Na spectra
of all prototypes and the E11807-01. All?*Na spectra were taken over the course of 6 minutes.

due to the larger energy resolution. The three peak featured in the spectra are the 511 keV
annihilation gamma, the 1.274 MeV gamma, and a 1.785 MeV summation peak. The 511
keV annihilation peak is a result of the electron capture beta+ decay. This beta + decay
results in the emission of a positron and a neutrino where the positron can interact with an
electron. The interaction between the electron and the positron results in an annihilation
event with the emission of two 511 keV gamma rays 180° from each other. The resulting
atom formed after the beta+ decay is an excited state of ??Ne which then decays to its
ground state through the release of the 1.274 MeV gamma ray. A summed peak of 1.785
MeV can occur as the combination of the annihilation gamma and the excitation gamma
energies. The summation peak for 2Na is more readily observed unlike the summation peak
for %9Co due to the increased likely hood that one of the emitted annihilation gamma-rays

interacts in the crystal at the same time as the excitation gamma.
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Chapter 5

Conclusion and Future work

5.1 Conclusion

The two FF HVPS’s served as a performance benchmark for the additive manufactured
prototype that was fabricated alongside the efforts described in this work. The additive
manufactured prototype employed a combination of additive and subtractive manufacturing
techniques to produce a printed HVPS with electrical components seated in slots on an ABS
plastic base.!” The traces and interconnections between components were made using CB028
conductive paste which was considered a non-proven material that was to be benchmarked
by the proven materials listed above. Both 3D non-traditional fabrication techniques enabled
the designed circuit to accommodate the irregular free space within the R11265U series PMT.
Shown in Figure 5.1 is a comparison of the space utilized by the prototypes to the space
utilized by the E11807-01. All three prototypes were enclosed in a printed housing and took

up similar volume on the PMT.

Translating a circuit from a 2D planar design using a PCB to a 3D circuit using either
construction method mentioned in this work offers many benefits but also introduces some
complications. One of the main complications is probing parts of the circuit that are ob-
structed by the 3D geometry. As the circuit in constructed and subsequent sections are at-

tached to each other some of the probe points become increasingly difficult to reach without
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Figure 5.1: The space utilized by the prototypes compared to the space utilized by the E11807-
01.
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accidental probing or shorting different connections. This issue was mitigated by conducting
visual and electrical check at every step to ensure each subsection had no issues prior to their
connection to the main circuit. Another main issue is the lack of structural support in the
FF circuit prior to potting in the protective housing. All connections were made through
direct soldered or wired connections without any additional foundation keeping thing in
place besides temporary scaffolding. This issue was reduced through the use of scaffolding
during interconnections and was solved at the end with the encasement of the full circuit
in a protective printed housing that was back filled with non-conductive epoxy. The final
problem comes from the previous solution and it is the inability to repair the circuit after
its placement in the protective housing. Once the non-conductive epoxy has set the circuit

is completely sealed with no easy way to access defective parts.

From the dynode stage voltage measurements shown in 4.2, the printed prototype is ca-
pable of reaching voltages within the required range of -700 to -1000 V with a photocathode
voltage of -884 V. The voltage distribution ratio, designed to follow the E11807-01's ta-
pered divider, of the printed prototype shows no major deviations when compared to the
FF prototypes besides having a larger voltage set point. The maximum regulation about
the photocathode voltage set point is comparable to what is observed for prototype A with
both having fluctuations at or below 0.68%. The results from the dynode voltage comparison
and photocathode regulation show that a fabricated method using ABS plastic and CB028

conductive paste is a viable option to produce high-voltage electronics up to -1000 V.

The photocathode stability results shown in Figure 4.3 show that the printed prototype’s
photocathode voltage has no changing trend over an extended period of time. It also shows
that the printed prototype has the smallest fluctuations about the mean voltage out of all the
prototypes. The power consumption’s of the printed prototype shown in Figure 4.4 are larger
at every ICR level than those for either FF prototype. This increase in power consumption
is mainly due to the higher voltage set point and is not considered a compromise of the

fabrication method used in its construction. The energy resolutions of the ¥7Cs gamma-ray
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peak in Table 4.2 for the printed prototype and prototype A show no degradation to the
intrinsic resolution of 7% typical for a CsI(Na) crystal. These comparisons show that the
CB028 conductive paste deposited on the ABS base of the printed prototype performs sim-
ilarly to the proven materials of solder and copper wire in this application of a high-voltage

power supply for a PMT.

The increase in noise observed in the performance of prototype B compared to prototype A
is believed to be a result of the first implementation of voltage regulation code uploaded to
the MC and not a result of the materials used or the method of fabrication. The electrical
and spectral results of prototype A show that it is capable of reaching high-voltages within
the required range, has low fluctuations in the photocathode regulation, shows no changing
trends in the photocathode voltage over an extended period of time, has low power con-
sumption for low to high count rate environments, and shows no degradation to the intrinsic
resolution of a CsI(Na) crystal. The results achieved by prototype A show that the FF
method is also a viable fabrication technique to produce high-voltage power supplies for a

PMT.

The FF technique is a viable high-voltage power supply fabrication option on its own due to
its performance while providing the best volume utilization out of all the 3D manufacturing
techniques discussed in this work. The labor involved with FF circuit construction isn’t too
intensive and is well suited for small batches of prototypes. The lack of a plastic base or a
PCB allows for FF circuits to easily accommodate irregular free space and achieve organic
system form factors more easily. Many of the connections in the FF circuit were reduced
to lengths of zero through the use of component-to-component connections. Systems that
require optimal volume utilization with a reduction to overall weight would greatly benefit

from FF fabrication.
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5.2 Future Work

Out of the two prototypes that were constructed using the FF method, only one was built
to be reprogrammable. Thin wire was used to extend past the potting epoxy allowing a set
of small clamps to connect to the micro-controller for programming. To improve future pro-
totypes and to allow the ability for experimenting with different regulation code a different
method for reprogramming is advised. It is recommended that the new connection method
be in the form of internal pin sockets. This would allow for a more structurally secure and
reliable connection without the risk of breaking wire that extrude from the underside of the

base.

Further reduction to the size and weight of the prototypes could be achieved through the
slight reductions in the protective printed housing placed over the FF circuit. The amount
of epoxy used to add structure and strength to the enclosed prototype could be reduced to

cover the upper half of the connecting pins instead of covering all the way to their flared base.

The power consumption of the prototypes could be reduced slightly by reducing the in-
put voltage from 5V to 3.3V. Due to electrical component shortages during covid, the initial
design used a MOSFET that could run as desired off of a 3.3V input. This could reduce the

power consumption from the maximum 53.4 mW observed for both prototypes.

The construction of the hybrid CW ladders were conducted using a manual pick and place
during the FF building process. Their assembly could be automated using a robotic pick and
place along with a reflow oven. The settings used to reflow the solder paste would need to be
optimized to reduce movement of the diodes on top of the capacitors. Using an automated
process would speed up the construction and result in hybrid CW ladders that are more
consistent in their features. The inclusion of the entire high-voltage supply section could be
added to an automatic pick and place process with slight modifications to part placement

and the use of different temporary scaffolding. Having parts stacking vertically with cutouts
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keeping parts in place could allow for the entire high-voltage supply to be assembled and
then reflowed in an oven. This would reduce the need for subsections to be connected in

parts with some temporary supports being removed entirely.

It is recommended that the stencils used for the feedback section of the circuit be altered
in some aspects to allow for increased restriction of the placed parts. These added restric-
tions could be implemented in the form of additional layers or overhangs to hold the smaller
components in place during connections. The main issue that would be solved from this
minor alteration is the surface tension of the reflowed solder paste can unintentionally en-
velop smaller components and drags them from their designated spot. Additionally, a more
complex scaffolding system could allow for parts to be placed along with channels or tunnels

being used to form solder or thin wired connections.

The use of some form of spot laser welding could be used to aid in the localized reflow
of dispensed solder paste. The different orientations used in the construction of the HVPS
and the spots where components branch off directly from one another would be improved
with a more controlled localized reflow of solder paste. A quick localized reflow would re-
duce issues of accidental movement in nearby locations caused by the prolonged heat of a
soldering iron that spreads through the circuit the longer it is used. This method could also
be automated in some locations which could remove the need for large sections of temporary

scaffolding.
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Appendix A

Reference Materials

Appendix A contains the full circuit schematic and bill of materials adapted from the previous

work conducted in phase 1.2
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A.1 High-Voltage Power Supply and BOM
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Figure A.1: Full circuit schematic for prototype using a half-wave Cockcroft-Walton ladder with charge pump and regulation.
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Table A.1: Bill of material for all prototypes.

Name Description Designate Quantity Manufacturer Part Number
100pF Capacitor | CAP CER 100PF Ch1 1 TDK Corporation | C1608NPO1H101JO80AA
50V NP0 0603
0.10uF Capacitor | CAP CER 0.10uF | C50, C52 2 KEMET C0603C104J5RACT867
100V X7S 0805
1.0uF Capacitor CAP CER 1.0uF C1-C47 47 TDK Corporation | C2012X7S2A105M125AE
100V X7S 0603
10puF Capacitor CAP CER 10uF C48,C49 2 TDK Corporation | C1608JB0J106K0S0AB
6.3V JB 0603
Diode 100V 200mA (DC) D1-D32 32 Onsemi 1SS400T1G
Surface Mount
SOD-523
22pH Inductor FIXED IND 22pH L1 1 Wurth Electronics 74404064220
1.8A 89 M2 SMD
PIC12F1572 PIC12F1272 U2 1 Microchip PIC12F1572-1/MF
Microcontroller IC
8-bit 32 MHz
3.5KB (2K x 14)
FLASH 8-DFN
(3x3)
Op-Amp IC OPAMP Ul 1 Rohm BU7445HFV-TR
BU7445HFV-TR
GP 1 CIRCUIT
HVSOF5
N-FET MOSFET | MOSFET N-CH U3 1 Diodes DMN10H099SFG
100V 4.2A Incorporated

POWERDI3333-8
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Table A.2: Bill of material for all prototypes.

Name Description Designate Quantity Manufacturer Part Number
1.07kQ2 Resistor | RES SMD 1.07 K2 R1 1 Panasonic ERA-2AEB1071X
0.1% 1/16W 0402
2.15kQ) Resistor | RES SMD 2.15 KQ2 R2 1 YAGEO RCO0402FR-072K15L
0.1% 1/16W 0402
3.24k() Resistor | RES SMD 3.24 KQ R3 1 YAGEO RT0402BRD073K24L
0.1% 1/16W 0402
4.32k€) Resistor | RES SMD 4.32 Kf R4 1 YAGEO RCO0402FR-074K32L
1% 1/16W 0402
5.36k() Resistor | RES SMD 5.36 K2 R5 1 YAGEO RCO0402FR-075K36L
1% 1/16W 0402
6.49k() Resistor | RES SMD 6.49 K2 R6 1 YAGEO RC0402FR-~076K49L
1% 1/16W 0402
7.5k() Resistor RES SMD 7.5 K2 R7 1 YAGEO RCO0402FR-077K5L
5% 1/16W 0402
8.66k() Resistor | RES SMD 8.66 K2 RS 1 YAGEO RCO0402FR-~078K66L
1% 1/16W 0402
9.76k() Resistor | RES SMD 9.76 K2 R9 1 YAGEO RCO0402FR-~079K76L
1% 1/16W 0402
10.7k€2 Resistor | RES SMD 10.7 K{2 R10 1 YAGEO RT0402BRD0710K7L
0.1% 1/16W 0402
11.8k€2 Resistor | RES SMD 11.8 K2 R11 1 YAGEO RC0402FR-~0711K8L
1% 1/16W 0402
13k2 Resistor RES SMD 13 K2 R12 1 YAGEO RC0402FR-~0713KL
1% 1/16W 0402
14k} Resistor RES SMD 14 K2 R13 1 YAGEO RT0402BRD0714KL

0.1% 1/16W 0402
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Table A.3: Bill of material for all prototypes.

Name Description Designate Quantity Manufacturer Part Number
15k(2 Resistor RES SMD 15 K2 R14 1 YAGEO RT0402BRD0715KL
0.1% 1/16W 0402
16.2k€2 Resistor | RES SMD 16.2 K2 R15 1 YAGEO RCO0402FR-~0716K2L
1% 1/16W 0402
2.4MS2 Resistor RES SMD 2.4 MQ R16 1 YAGEO ACO0603FR-072MA4L
1% 1/1W 0603
400M$2 Resistor | RES SMD 400 MS2 | R17, R18 2 Vishay Dale CRHV1206AF400MJNE5

5% 1206
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Appendix B

Spectral Analysis Python Code

import matplotlib.pyplot as plt

import numpy as np

from os import listdir

from os.path import isfile, join

import os

import time

import datetime

import pandas as pd

plt.rcParams[’font.family’]=’Times_ New Roman’

plt.rcParams[’font.weight’]=’normal’

# plt.close(’all’)

#%% Functions here

def read_list_mode(files_folder_dir, master_folder):
filenames = [f for f in listdir(files_folder_dir)

if isfile(join(files_folder_dir, £))]

times = []
energies = []
energy_shorts = []
csv_files = []
info_files = []
real_times = []
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34

41

16

48

19

for

i in range(len(fil

if filenames[i].en

enames)) :

dswith(’.csv’):

csv_files.append(filenames[i])

else:

pass

info_filenames = [f for f in listdir(master_folder)

if i

sfile(join(master_folder, f))]

for i in range(len(info_filenames)):

for

for

if info_filenames|[

info_files.app

else:

pass

i in range(len(csv

file_dir = os.path

i]l.endswith(’.info’):
end (os.path. join(master_folder,

info_filenames[i]))

_files)):

.join(files_folder_dir ,csv_files[i])

print (’Current list-mode file:’,file_dir,’\n’)

df = pd.read_csv (f

u
timetag_temp = df.
energy_temp = df.1i
times.extend (timet

energies.extend (en

j in range(len(inf
info_data = open(i

info_data_lines =

real_time_temp i
real_time_temp = r

(

real_time_temp

real_times.append (

ile_dir, delimiter=’;’,
secols=[’TIMETAG’,’ENERGY’])
iloc[:,0].tolist () # channel number
loc[:,1].tolist () # timetag
ag_temp)

ergy_temp)

o_files)):

nfo_files[j])
info_data.readlines ()
nfo_data_lines [3]
eal_time_temp[-9:].split(’:7)
int (real_time_temp [0]) *
3600+int (real_time_temp [1]) *
60+int (real_time_temp [2]))

real_time_temp)
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55 # note that all times are in picoseconds ,the first timetag

56 # is the amount of time between the start of the measurement
57 # and the first count received
58 return times, energies, real_times

5o # note that all times are in ps, the first timetag is the amount of
60 # time between the start of the measurement and the first count received

61 def pulse_reader (pulse_folder):

62 filenames = [f for f in listdir (pulse_folder)
63 if isfile(join(pulse_folder, £))]
64 csv_files = []

65 for i in range(len(filenames)):

66 if filenames[i].endswith(’.csv’):
67 csv_files.append(filenames[i])
68 else:

69 pass

70 for i in range(len(csv_files)):

71 file_dir = os.path.join(pulse_folder,csv_files[i])

72 ptimes, psamples = np.loadtxt(file_dir, delimiter = 7,7,
73 usecols = [3,4], unpack=True)
74 ptimes = ptimes-np.min(ptimes) # fixes offset so times don’t

75 # start as negatives

77 return ptimes, psamples

70 def rebin(input_spec, target_bins): # spectrum is in channels,

80 # not energy calibrated

81 rebinned_spec = np.zeros((target_bins,1))

82 intervals = int(np.floor(len(input_spec)/target_bins))

83 # print (’Channel reduction factor from rebinning: ’,intervals)
84 for i in range(target_bins):

85 rebinned_spec[i] = np.sum(input_spec[i*intervals:ix*

86 intervals+intervals])
87 if len(input_spec)’target_bins != 0 and i==target_bins-1:
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88 rebinned_spec[i] = rebinned_spec[i]

89 +np.sum(input_spec[(intervals*target_bins)-len(input_spec):]1)

90 return rebinned_spec

91

92 #%% Start actual code here, begin with reading list mode data file

93 # Prototype 2 BKG

94 print (’Fileyreading,started.\n’)

95 1m_folderl = (r"C:\Users\Samuel\Desktop\PMT Data\2-8-23_ FF6,PHA\2-8-23
_FF6_Attenuation20dB_BKG\UNFILTERED")

96 lm_folder_masterl = os.path.dirname(lm_folder1)

o7 lm_timesl, 1lm_energiesl, lm_runl = read_list_mode(lm_folderl,
Im_folder_masterl)

98 save_namel = ’Prototype_2-PHA-BKG-SpectraPlot.png’

99

10 start_lenl 2048

101 bin_lenl = 1024

102

103 energy_spectruml = np.zeros((start_lenl,1))
104 for 1 in range(len(lm_energiesl)):

105 temp_val = int(lm_energies1[i])

106 energy_spectruml [temp_val] += 1

107

108 energy_spectruml rebin(energy_spectruml, bin_lenl)

100 energy_spectruml = np.divide (energy_spectruml ,lm_runl [0])# Count rate
correct
110 print (’Thecountyrate for the entire spectrumis’, np.round((np.sum(

energy_spectruml)) ,2), ’cps.\n’)

12 x_listl np.linspace(0,bin_lenl ,bin_lenl)

113 x_listl = np.reshape(x_listl,(bin_lenl,1))

114 en_call [0.00000021672, 0.0029823, 0.0033701]
115 # energy calibration is for a rebinned 1024 spectrum using xray and .662

cs peaks and Co peak
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116

117

118

119

120

121

123

125

126

129

130

131

134

138

139

140

141

143

for

i in range(len(x_listl)):
x_list1[i] = (x_list1[i]l**2)*(en_call[0]) + en_call[1]l*xx_list1[i]-

en_call [2]

roi_startl = 0.636 # left side of FWHM ROI in MeV

roi_midl = 0.6617 # middle of FWHM ROI peak in MeV

roi_endl = 0.6879 # right side FWHM of ROI peak in MeV

en_resl = 100*%((roi_endl-roi_startl)/roi_midl) # FWHM of peak in percent

# print (’The energy resolution at 662 keV is’, np.round(en_resl,2), ’%.\n
”)

x_coordsl = [roi_startl, roi_midl, roi_endil]

y_coordl = 5

# Plot the spectrum with ROI showing

figl = plt.figure (1)

plt

plt.
plt.
plt.
5 plt.
plt.

plt.

plt

plt

#h%

.plot(x_1listl, energy_spectruml)

xlabel (’Energy, [MeV]’)

ylabel (’Count Rate,[cps]’)

x1im (0, 3)

title("Prototype,2-PHA-BKG")

yscale(’log’)

grid ()

.savefig(os.path.join(1lm_folderl,save_namel) ,dpi=600,bbox_inches = ’
tight’)

.show ()

2 # Prototype 2 Cs137

lm_folder2 = r"C:\Users\Samuel\Desktop\PMT_ Data\2-8-23_ FF6_ ,PHA\2-8-23

_FF6_Attenuation20dB_Cs137\UNFILTERED"

Im_folder_master2 = os.path.dirname(lm_folder2)
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147

148

149

150

153

159

160

161

162

163

164

165

166

168

169

170

; energy_spectrum?

5 lm_times2, 1lm_energies2, lm_run2 = read_list_mode(lm_folder2,

lm_folder_master?2)

save_name2 = ’Prototype_2-PHA-Cs137-SideView-SpectraPlot.png’

start_len?2 2048

bin_len2 = bin_1lenl

energy_spectrum2 = np.zeros ((start_len2,1))
for i in range(len(lm_energies2)):
temp_val = int(lm_energies2[i])

energy_spectrum2 [temp_val] += 1

rebin(energy_spectrum2, bin_len2)

7 energy_spectrum2 = np.divide (energy_spectrum2,lm_run2[0])# Count rate
correct
BS2 = energy_spectrum2 - energy_spectruml
print (’The,count rate for the entire spectrum_ is’, np.round ((np.sum(BS2))

,2), ’cps.\n’)

x_list2 = np.linspace(0,bin_len2,bin_len2)
x_1list2 = np.reshape(x_1list2,(bin_len2,1))
en_cal2 = [0.00000021672, 0.0029823, 0.0033701]

# energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

for i in range(len(x_list2)):
x_list2[i] = (x_1list2[i]**2)*(en_cal2[0]) + en_cal2[1]*x_list2[i]-

en_cal2[2]

roi_start2 0.6383 # left side of FWHM ROI in MeV

roi_mid2 = 0.6617 # middle of FWHM ROI peak in MeV

I
(@]

roi_end2 .68389 # right side FWHM of ROI peak in MeV

en_res2 = 100*%((roi_end2-roi_start2)/roi_mid2) # FWHM of peak in percent
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176

180

183

185

186

189

190

191

192

193

194

195

196

198

199

200

201

202

7 start_len3

print (’The energy, resolution at 662 keV,is’, np.round(en_res2,2),

x_coords2 = [roi_start2, roi_mid2, roi_end2]

5 y_coord2 = 12

# Plot the spectrum with ROI showing

; fig2 = plt.figure(2)

plt.plot(x_list2, BS2)

plt.vlines(x_coords2, ymin=0, ymax=y_coord2)
plt.xlabel (’Energy,[MeV]’)

plt.ylabel(’Count Ratey[cps]’)

plt.x1im (0, 3)

plt.title("Prototype, 2-PHA-Cs137:,Side View")

plt.yscale(’log’)

plt.grid ()

% \n’)

plt.savefig(os.path.join(lm_folder2,save_name2),dpi=600,bbox_inches = ’

tight )

. plt.show ()

#%h

# Prototype 2 Co60

Im_folder3 = r"C:\Users\Samuel\Desktop\PMT_ Data\2-8-23_ FF6_,PHA\2-8-23

_FF6_Attenuation20dB_Co60\UNFILTERED"

Im_folder_master3 = os.path.dirname(lm_folder3)

lm_times3, lm_energies3, lm_run3 = read_list_mode(lm_folder3,

lm_folder_master3)

save_name3 = ’Prototype_2-PHA-Co60-SideView-SpectraPlot.png’

2048
bin_len3 = bin_lenl
energy_spectrum3 = np.zeros ((start_len3,1))
for i in range(len(lm_energies3)):
temp_val = int(lm_energies3[i])

energy_spectrum3 [temp_val] += 1
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203

204

205 energy_spectrum3

206

207

208

209

energy_spectrum3 rebin(energy_spectrum3, bin_len3)

np.divide (energy_spectrum3,lm_run3[0])# Count rate
correct

fig3 = plt.figure(3)

BS3 = energy_spectrum3 - energy_spectruml

print (’The,count rate for,the entire spectrum is’, np.round((np.sum(BS3))

,2), ’cps.\n’)

x_1ist3 = np.linspace(0,bin_len3,bin_len3)
x_1list3 = np.reshape(x_list3,(bin_len3,1))
en_cal3 = [0.00000021672, 0.0029823, 0.0033701]

# energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

for i in range(len(x_list3)):
x_1list3[i] = (x_list3[i]**2)*(en_cal3[0]) + en_cal3[1]l*x_list3[i]-

en_cal3[2]

# Plot the spectrum with ROI showing

218 £ig3 = plt.figure(3)

230

o plt.plot(x_1list3, BS3)

plt.xlabel (’Energy,[MeV]?)
plt.ylabel (’Count Rate,[cps]’)
plt.x1im(0,3)

plt.title("Prototype ,2-PHA-Co60:,Side View")

1 plt.yscale(’log’)

plt.grid )

s plt.savefig(os.path. join(lm_folder3,save_name3),dpi=600,bbox_inches =

tight’)

- plt.show ()

#%h

# Prototype 2 Na22
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234

235

236

242

248

249

lm_folder4 = r"C:\Users\Samuel\Desktop\PMT_ Data\2-8-23_ FF6_ ,PHA\2-8-23

_FF6_Attenuation20dB_Na22\UNFILTERED"

lm_folder_master4 = os.path.dirname(lm_folder4)
Im_times4, 1lm_energies4, lm_rund4d = read_list_mode(lm_folder4,
lm_folder_master4d)

save_name4 = ’Prototype_2-PHA-Na22-SideView-SpectraPlot.png’

start_len4 2048
bin_len4 = bin_lenl
energy_spectrum4 = np.zeros ((start_len4,1))

for i in range(len(lm_energiesd)):

temp_val = int(lm_energies4[i])
energy_spectrum4 [temp_val] += 1
energy_spectrum4 = rebin(energy_spectrum4, bin_len4d)
5 energy_spectrum4 = np.divide(energy_spectrum4 ,lm_run4 [0])# Count rate

correct

figd = plt.figure (4)

BS4 = energy_spectrum4 - energy_spectruml

print (’The,count rate for, the entire spectrum is’, np.round ((np.sum(BS4))
,2), ’cps.\n’)

x_list4 = np.linspace(O,bin_len4 ,bin_len4)

x_list4 = np.reshape(x_list4,(bin_len4d,1))

en_cal4 = [0.00000021672, 0.0029823, 0.0033701]

# energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

for i in range(len(x_list4)):
x_list4[i] = (x_1list4[i]**2)*(en_cald[0]) + en_cald[1]*x_list4[i]-

en_cal4 [2]

# Plot the spectrum with ROI showing

5



260

261

262

263

264

266

269

279

280

286

figd
plt.
plt.
plt
plt.
plt.

plt.

5 plt.

plt.

= plt.figure (4)
plot(x_list4, BS4)

xlabel (’Energy,[MeV] )

.ylabel (’CountRate[cps]’)

x1im (0, 3)

title("Prototype 2-PHA-Na22:,Side View")
yscale(’log’)

grid )

savefig(os.path.join(lm_folder4, save_name4) ,dpi=600,bbox_inches =

tight’)

7 plt.

#h%

show ()

# Prototype 1 BKG

1m_f

older6 = r"C:/Users/Samuel/Desktop/PMT Data/9-19-22_ ,PHA/9-19-22 FF

/9-19-22 _FF3_Attenuation20dB_BKG/UNFILTERED"

Im_f£

Im_t

older_master6 = os.path.dirname(lm_folder6)

imes6, 1lm_energies6, lm_run6 = read_list_mode(lm_folder6,

lm_folder_master6)

save_name6 = ’Prorotype_1-PHA-BKG-SideView-SpectraPlot.png’

7 start_len6

. bin_

2048

len6 = bin_1lenl

energy_spectrum6 = np.zeros((start_len6,1))

for

i in range(len(lm_energies6)):
temp_val = int(lm_energies6[i])

energy_spectrum6 [temp_val] += 1

energy_spectrum6 = rebin(energy_spectrum6, bin_len6)

energy_spectrum6

np.divide (energy_spectrum6 ,lm_run6[0])# Count rate

correct

figé

= plt.figure(6)
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289

290

291

292

293

294

295

296

297

298

299

300

301

302

306

307

308

309

311

312

313

print (’The,count rate, for the entire spectrum is’, np.round ((np.sum(

energy_spectrum6)) ,2), ’cps.\n’)

x_list6 np.linspace(0,bin_len6 ,bin_len6)

x_1list6 = np.reshape(x_list6,(bin_len6,1))

en_cal6 [0.00000021027, 0.0029382, 0.0033774]

# energy calibration is for a rebinned 1024 spectrum using xray and .662

cs peaks and Co peak
for i in range(len(x_list6)):
x_1list6[i] = (x_list6[i]**2)*(en_cal6[0]) + en_cal6[1]*x_list6[i]-

en_cal6 [2]

# Plot the spectrum with ROI showing

fig6 = plt.figure(6)

plt.plot(x_list6, energy_spectrum6)
plt.xlabel (’Energy, [MeV]’)

plt.ylabel (’CountRate[cps]’)
plt.x1im(0,3)
plt.title("Prototype, 1-PHA-BKG: Side View")
plt.yscale(’log’)

plt.grid )

5 plt.savefig(os.path.join(1lm_folder6,save_name6),dpi=600,bbox_inches =

tight’)

plt.show ()

# %%
# Prototype 1 Cs137
lm_folder7 = r"C:/Users/Samuel/Desktop/PMT Data/9-19-22_ ,PHA/9-19-22FF

/9-19-22 _FF3_Attenuation20dB_Cs137/UNFILTERED"

Im_folder_master7 = os.path.dirname(lm_folder7)
Im_times7, lm_energies7, lm_run7 = read_list_mode(lm_folder7,

lm_folder_master7)

7

J



315

318

319

320

322

324

5 start_len7

save_name7 >Prototype_1-PHA-Cs137-SideView-SpectraPlot.png’

2048
bin_len7 = bin_lenl
energy_spectrum7 = np.zeros ((start_len7,1))
for i in range(len(lm_energies7)):
temp_val = int(lm_energies7[i])

energy_spectrum?7 [temp_val] += 1

energy_spectrum7 = rebin(energy_spectrum7, bin_len7)

energy_spectrum? np.divide (energy_spectrum?7 ,1lm_run7 [0])# Count rate

correct

5 £ig7 = plt.figure (7)

326 BS7T=energy_spectrum7 -energy_spectrumb

329

330

331

332

334

335

336

338

339

340

341

7 roi_start7

print (’The,countrate for,the entire spectrum,is’, np.round ((np.sum(BS7))

,2), ’cps.\n’)

x_1ist7 = np.linspace(0,bin_len7 ,bin_len7)

x_1list7 = np.reshape(x_list7,(bin_len7,1))

en_cal? [0.00000021027, 0.0029382, 0.0033774]

# energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

for i in range(len(x_list7)):

x_1ist7[i] = (x_1list7[i]l**2)*(en_cal7[0]) + en_cal7[1]*x_1list7[i]-

en_cal7 [2]

0.637 # left side of FWHM ROI in MeV

roi_mid7 = 0.6617 # middle of FWHM ROI peak in MeV

I
o

roi_end?7 .687 # right side FWHM of ROI peak in MeV

en_res7 = 100*%((roi_end7-roi_start7)/roi_mid7) # FWHM of peak in percent
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342 # print (’The energy resolution at 662 keV is’,

34

3

344

345

346

349

350

361

362

363

364

365

366

367

368

369

)

x_coords7 = [roi_start7, roi_mid7, roi_end7]

y_coord7 = 15

# Plot the spectrum with ROI showing

fig7 = plt.figure(7)

plt.plot(x_1list7, BS7)

# plt.vlines(x_coords7, ymin=0,

plt.xlabel (’Energy,[MeV]?)

plt.ylabel (’CountRate[cps]’)

plt.x1im(0,3)

ymax=y_coord7)

plt.title("Prototype, 1-PHA-Cs137:,Side View")

plt.yscale(’log’)

5 plt.grid ()

tight’)

plt.show ()

#h%

) # Prototype 1 Co60

np.round(en_res7,2),

i plt.savefig(os.path. join(lm_folder7,save_name7),dpi=600,bbox_inches

>%.\n

lm_folder8 = r"C:/Users/Samuel/Desktop/PMT Data/9-19-22_ ,PHA/9-19-22 FF

/9-19-22 _FF3_Attenuation20dB_Co60/UNFILTERED"

lm_folder_master8 = os.path.dirname(lm_folder8)

Im_times8, 1lm_energies8, 1lm_run8

lm_folder_master8)

= read_list_mode(1lm_folders8,

save_name8 = ’Prototype_1-PHA-Co60-SideView-SpectraPlot.png’

start_len8 2048

bin_len8 = bin_1lenl

energy_spectrum8 = np.zeros((start_len8,1))

for i in range(len(lm_energies8)):
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379

380

381

389

390

391

392

393

394

395

396

397

398

5 energy_spectrum8

temp_val = int(lm_energies8[i])

energy_spectrum8[temp_val] += 1

energy_spectrum8 rebin(energy_spectrum8, bin_len8)

np.divide (energy_spectrum8,lm_run8[0])# Count rate

correct

; fig8 = plt.figure(8)

7 BS8=energy_spectrum8-energy_spectrumb

print (’Thecountrate for,the entire spectrum,is’, np.round ((np.sum(BS8))

»2), ’cps.\n’)

x_1ist8 = np.linspace(0,bin_len8,bin_len8)
x_1list8 = np.reshape(x_list8,(bin_len8,1))
> en_cal8 = [0.00000021027, 0.0029382, 0.0033774]

# energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

for i in range(len(x_list8)):
x_1list8[i] = (x_1ist8[i]**2)*(en_cal8[0]) + en_cal8[1]*x_1list8[i]-

en_cal8 [2]

g7 # Plot the spectrum with ROI showing

, fig8 = plt.figure(8)

plt.plot(x_1list8, BS8)

plt.xlabel (’Energy,[MeV]’)

plt.ylabel (’CountRatey[cps]’)

plt.x1im(0,3)

plt.title("Prototype, 1-PHA-Co060:,Side View")

plt.yscale(’log’)

plt.grid )

plt.savefig(os.path.join(lm_folder8,save_name8),dpi=600,bbox_inches = ’
tight’)

plt.show ()
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399

400

401

402

403

404

105

108

409

410

111

414

416

418

420

421

423

7 energy_spectrumd

#%%
# Prototype 1 Na22
lm_folder9 = r"C:/Users/Samuel/Desktop/PMT Data/9-19-22_ ,PHA/9-19-22 FF

/9-19-22 _FF3_Attenuation20dB_Na22/UNFILTERED"

Im_folder_master9 = os.path.dirname(lm_folder9)
Ilm_times9, lm_energies9, lm_run9 = read_list_mode(lm_folder9,
lm_folder_master9)

save_name9 = ’Prototype_1-PHA-Na22-SideView-SpectraPlot.png’

2048

start_len9

bin_len9 = bin_1lenl

energy_spectrum9 = np.zeros ((start_len9,1))
for i in range(len(lm_energies9)):
temp_val = int(lm_energies9[i])

energy_spectrum9 [temp_val] += 1

energy_spectrum9 = rebin(energy_spectrum9, bin_len9)

np.divide (energy_spectrum9,lm_run9 [0])# Count rate
correct

fig9 = plt.figure(9)

BS9 = energy_spectrum9 - energy_spectrumb

print (’Thecountrate for,the entire spectrum,is’, np.round ((np.sum(BS9))

,2), ’cps.\n’)

x_1ist9 = np.linspace(0,bin_len9,bin_len9)

x_1list9 = np.reshape(x_list9,(bin_len9,1))

en_cal9 [0.00000021027, 0.0029382, 0.0033774]

5 # energy calibration is for a rebinned 1024 spectrum using xray and .662

cs peaks and Co peak

s for i in range(len(x_list9)):
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427 x_1ist9[i] = (x_1list9[i]l**2)*(en_cal9[0]) + en_cal9[1]l*x_1list9[i]l-

en_cal9 [2]

429 # Plot the spectrum with ROI showing

30 £ig9 = plt.figure (9)

131 plt.plot(x_1list9, BS9)

432 plt.xlabel (’Energy, [MeV] )

133 plt.ylabel (’Count Rate[cps]’)

432 plt.x1im (0, 3)

135 plt.title ("Prototype 1-PHA-Na22:,Side View")

136 plt.yscale(’log’)

37 plt.grid ()

138 plt.savefig(os.path. join(lm_folder9,save_name9),dpi=600,bbox_inches = ’
tight’)

130 plt.show ()

440

a1 #%% Spectrum 11

442 # E11807-01 BKG

143 lm_folderll = r"C:/Users/Samuel/Desktop/PMT_ Data/9-19-22 ,PHA/9-19-22 ,Hama
/9-19-22 _Hama_Attenuation20dB_BKG/UNFILTERED"

114 1lm_folder_masterll = os.path.dirname(lm_folderill)

145 lm_times11l, Ilm_energiesll, Im_runll = read_list_mode(lm_folderil,
lm_folder_masterll)

146 save_namell = ’Hama-PHA-BKG-SideView-SpectraPlot.png’

s start_lenll 2048
149 bin_lenll = bin_lenl

150 energy_spectrumll = np.zeros((start_lenll ,1))

151 for i in range(len(lm_energiesll)):

152 temp_val = int(lm_energies11[il)

453 energy_spectrumll [temp_val] += 1

454

155 energy_spectrumll = rebin(energy_spectrumll, bin_lenll)
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456

460

161

462

463

464

465

466

467

468

469

470

479

180

481

182

energy_spectrumll = np.divide(energy_spectrumll ,lm_runll [0])# Count rate

correct

- figll = plt.figure(11)

print (’The,count rate, for the entire spectrum,is’, np.round ((np.sum(

energy_spectrumil)),2), ’cps.\n’)

x_listl1ll = np.linspace(0,bin_lenll ,bin_lenll)
x_list1ll = np.reshape(x_listl11l,(bin_lenll,1))
en_calll = [0.000000086333, 0.0029315, 0.0036015]

# energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

for i in range(len(x_list11l)):
x_1list11[i] = (x_list11[i]l**2)*(en_calll1[0]) + en_calll[1]l*x_list11[i

]- en_calll[2]

# Plot the spectrum with ROI showing
figll = plt.figure(11)
plt.plot(x_listll, energy_spectrumll)
plt.xlabel (’Energy,[MeV]’)
plt.ylabel(’Count Ratey[cps]’)
plt.x1im(0,3)

plt.yscale(’log’)

5 plt.grid ()

; plt.savefig(os.path. join(lm_folderll,save_namell) ,dpi=600,bbox_inches =

tight’)

plt.show ()

# %%

# E11807-01 Cs137

lm_folderl12 = r"C:/Users/Samuel/Desktop/PMT_ Data/9-19-22 ,PHA/9-19-22 ,Hama
/9-19-22 _Hama_Attenuation20dB_Cs137/UNFILTERED"

Im_folder_masterl2 = os.path.dirname(lm_folder12)
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483

485

186

487

189

490

491

492

193

494

195

496

197

498

499

500

503

504

506

508

509

7 roi_mid12

Ilm_times12, lm_energiesl2, 1lm_runl2 = read_list_mode(lm_folderil2,

lm_folder_master12)

save_namel2 ’Hama-PHA-Cs137-SideView-SpectraPlot.png’

start_lenl2 2048

bin_lenl2 = bin_lenl

energy_spectruml2 = np.zeros ((start_lenl2,1))
for i in range(len(lm_energiesl2)):

temp_val = int(lm_energies12[i])

energy_spectruml2 [temp_val] += 1

energy_spectruml2 = rebin(energy_spectruml2, bin_lenl2)

energy_spectruml?2 np.divide (energy_spectruml2 ,1lm_runl2[0])# Count rate
correct

figl2 = plt.figure (12)

BS12=energy_spectruml2-energy_spectrumll

print (’The,count rate for,the entire spectrum is’, np.round((np.sum(BS12))

,2), ’cps.\n’)

x_list12 np.linspace (0,bin_lenl2 ,bin_lenl2)

x_list12 np.reshape(x_list12,(bin_lenl12,1))

en_call?2 [0.000000086333, 0.0029315, 0.0036015]

# energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

for i in range(len(x_list12)):

x_1ist12[i] = (x_list12[i]**2)*(en_call2[0]) + en_call2[1]*x_listl12[i

1- en_call2[2]

roi_startl2 = 0.637 # left side of FWHM ROI in MeV

I
(@]

.6617 # middle of FWHM ROI peak in MeV

I
o

roi_end12 .687 # right side FWHM of ROI peak in MeV
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wt

10

516

520

526

530

536

5 start_lenl3

en_resl2 = 100*%((roi_endl2-roi_startl2)/roi_midl2) # FWHM of peak in

percent

# print (’The energy resolution at 662 keV is’, np.round(en_resl2,2),
”)

x_coordsl1l2 = [roi_startl2, roi_midl2, roi_end12]

y_coordl2 = 13

5 # Plot the spectrum with ROI showing

figl2 = plt.figure (12)

- plt.plot(x_list12, BS12)
s # plt.vlines(x_coordsl2, ymin=0, ymax=y_coordl2)

o plt.xlabel (’Energy,[MeV]’)

plt.ylabel (’CountRate,[cps]’)

plt.x1im(0,3)

plt.title("E11807-01-PHA-Cs137:,Side View")

plt.yscale(’log’)

plt.grid )

plt.savefig(os.path.join(lm_folderl12,save_namel2),dpi=600,bbox_inches
tight’)

plt.show ()

s #%%

# E11807-01 Co60

lm_folder13 = r"C:/Users/Samuel/Desktop/PMT_ Data/9-19-22 ,PHA/9-19-22 ,Hama

/9-19-22 _Hama_Attenuation20dB_Co60/UNFILTERED"
Im_folder_masterl3 = os.path.dirname(lm_folder13)
lm_times13, lm_energiesl13, 1lm_runl3 = read_list_mode(lm_folderi3,
lm_folder_master13)

save_namel3 = ’Hama-PHA-Co60-SideView-SpectraPlot.png’

2048

bin_lenl13 = bin_lenl
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533 energy_spectruml3 = np.zeros ((start_lenl13,1))

530 for 1 in range(len(lm_energies13)):

540 temp_val = int(lm_energies13[i])

541 energy_spectruml3 [temp_val] += 1

542

543 energy_spectruml3 = rebin(energy_spectruml13, bin_len13)

544 energy_spectruml3 np.divide (energy_spectruml3,1lm_runl13[0])# Count rate
correct

5.5 £igl13 = plt.figure (13)

546 BS13 = energy_spectruml3-energy_spectrumll

sa7 print (’ The count_ rate for the_ entire spectrumis’, np.round((np.sum(BS13))

,2), ’cps.\n’)

550 Xx_1ist13

np.linspace(0,bin_lenl13,bin_lenl3)

551 Xx_1ist13

np.reshape(x_list13,(bin_len13,1))

552 en_call3 [0.000000086333, 0.0029315, 0.0036015]

553 # energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

554 for i1 in range(len(x_1list13)):

555 x_1list13[i] = (x_1list13[i]**2)*(en_call13([0]) + en_call3[1]*x_1list13[i

]- en_call3[2]

555 # Plot the spectrum with ROI showing

550 £igl3 = plt.figure(13)

560 plt.plot(x_1ist13, BS13)

561 plt.xlabel (’Energy, [MeV]?)

562 plt.ylabel (’CountRate,[cps]’)

563 plt.x1lim (0,3)

564 plt.title ("E11807 -01-PHA-Co060-Side View")
565 plt.yscale(’log’)

566 plt.grid ()
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569

579

580

586

589

590

591

592

593

7 #plt.savefig(os.path. join(1lm_folderl13,save_namel3) ,dpi=600,bbox_inches = ’

tight’)

plt.show ()

#%%

# E11807-01 Na22

lm_folder14 = r"C:/Users/Samuel/Desktop/PMT Data/9-19-22,PHA/9-19-22 ,Hama
/9-19-22 _Hama_Attenuation20dB_Na22/UNFILTERED"

lm_folder_master14 = os.path.dirname(lm_folderi14)

Ilm_times14, lm_energiesl4, 1lm_runl4 = read_list_mode(lm_folderi4d,
lm_folder_masteri14)

save_namel4d = ’Hama-PHA-Na22-SideView-SpectraPlot.png’

start_lenl4 2048

bin_lenl4 = bin_lenl

energy_spectruml4 = np.zeros((start_lenl4,1))
for i in range(len(lm_energiesl4)):

temp_val = int(lm_energies14[i])

energy_spectruml4 [temp_val] += 1

energy_spectrumlé rebin(energy_spectruml4, bin_lenl4)

energy_spectrumil4 np.divide (energy_spectruml4 ,lm_runl14 [0])# Count rate
correct
figld = plt.figure (14)

BSl4=energy_spectruml4 -energy_spectrumll

; print (’Thecount rate for ,the entire spectrumyis’, np.round((np.sum(BS14))

,2), ’cps.\n’)

x_list14d np.linspace(0,bin_lenl4 ,bin_lenl4)

x_listl14 = np.reshape(x_listl14,(bin_lenl4d,1))

en_call4 [0.000000086333, 0.0029315, 0.0036015]
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504 # energy calibration is for a rebinned 1024 spectrum using xray and .662
cs peaks and Co peak

505 for 1 in range(len(x_list14)):

596 x_list14[i] = (x_list14[i]l**2)*(en_call4[0]) + en_calld4[1]*x_list14[i

]- en_calil4[2]

508 # Plot the spectrum with ROI showing

s00 figld = plt.figure (14)

600 plt.plot(x_list14, BS14)

601 plt.xlabel (’Energy,[MeV]’)

602 plt.ylabel (’Count Rate [cps]?’)

603 plt.x1im (0,3)

604 plt.title("E11807 -01-PHA-Na22:,Side View")

605 plt.yscale(’log’)

606 plt.grid ()

607 plt.savefig(os.path.join(lm_folder14,save_namel4) ,dpi=600,bbox_inches = ’
tight’)

608 plt.show ()

609

610 #%%

611 # Combined Spectra BKG

612 figl6 = plt.figure(16) # Plots several spectra

613 plt.xlabel (’Energy,[MeV]’)

614 plt.ylabel (’Count Rate,[cps]’)

615 plt.x1im (0,3)

616 plt.yscale(’log’)

617 plt.grid()

615 plt.plot(x_list6, energy_spectrum6)

619 plt.plot(x_listl, energy_spectruml)

620 plt.plot(x_listll, energy_spectrumll)

621 plt.rcParams.update ({’font.size’: 22})

622 plt.rc(’axes’, labelsize=22) # fontsize of the x and y labels

623 plt.title("Prototypes & E11807-01,:,BKG")
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624 plt.legend(loc="upper right", labels=(’Prototypeyl’, ’Prototypep2’, °’
E11807-017))

625 #plt.savefig(os.path.join(lm_folder,save_name8),dpi=600,bbox_inches = °’
tight’)

626 plt.show ()

628 #%h

620 # Combined Spectra Cs137

630 £igl7 = plt.figure(17) # Plots several spectra

631 plt.xlabel (’Energy,[MeV]’)

632 plt.ylabel (’Count Rate[cps]’)

633 plt.x1im (0,3)

631 plt.yscale(’log’)

635 plt.grid ()

636 plt.plot(x_list7, BS7)

637 plt.plot(x_list2, BS2)

63s plt.plot(x_list12, BS12)

630 plt.rcParams.update({’font.size’: 22})

610 plt.rc(’axes’, labelsize=22) # fontsize of the x and y labels

611 plt.title("Prototypes & E11807-01,:,Cs137")

612 plt.legend (loc="upper right", labels=(’Prototypeyl’, ’Prototypep2’, °’
E11807-01’))

643 #plt.savefig(os.path.join(1lm_folder,save_name8),dpi=600,bbox_inches = ’
tight’)

614 plt.show ()

645

616 #%%

6a7 # Combined Spectra Co60

6as £igl8 = plt.figure(18) # Plots several spectra

640 plt.xlabel (’Energy,[MeV]’)

650 plt.ylabel (’Count Rate,[cps]’)

651 plt.x1im (0,3)

652 plt.yscale(’log’)
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660

661

662

663

664

665

666

667

668

669

670

678

680

plt.grid )

plt.plot(x_1list8, BS8)

555 plt.plot(x_1list3, BS3)

; plt.plot(x_1list13, BS13)

plt.rcParams.update ({’font.size’: 223})

plt.rc(’axes’, labelsize=22)
plt.title("Prototypes &, E11807
plt.legend(loc="upper right",

E11807-01"))

#plt.savefig(os.path.join(lm_folder ,save_name8) ,dpi=600,bbox_inches

tight’)

plt.show ()

#%h

# Combined Spectra Na22

# fontsize of the x and y labels

_OluZuCO6OI’)

labels=(’Prototypeyl’,

figl9 = plt.figure(19) # Plots several spectra

plt.xlabel (’Energy,[MeV]?)
plt.ylabel (’Count Rate[cps]’)
plt.x1im(0,3)
plt.yscale(’log’)

plt.grid Q)

plt.plot(x_list9, BS9)

73 plt.plot(x_list4, BS4)

plt.plot(x_list14, BS14)

plt.rcParams.update ({’font.size’: 223})

s plt.rc(’axes’, labelsize=22)

plt.title("Prototypes &, E11807
plt.legend (loc="upper right",

E11807-01’))

#plt.savefig(os.path. join(lm_folder ,save_name8) ,dpi=600,bbox_inches

tight’)

plt.show ()

>Prototypey2’,

# fontsize of the x and y labels

-01,:,Na22")

labels=(’Prototypeyl’,
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)

)



	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgements
	Dedication
	Introduction
	Motivations
	Prior Work
	Construction Goals
	Main Contributions

	Background and Phase 1
	Cockcroft-Walton Voltage Multiplier
	Photomultiplier Tubes
	R11265U Series and E11807-01

	Gamma-ray spectroscopy
	Circuit Design
	Designed Front-End Feedback
	Designed High-Voltage Supply

	Additive Manufactured Circuit

	Free-Form Construction Methods
	3-dimensional circuit design
	Free-Form High-Voltage Supply Construction
	Hybrid free-form Cockcroft-Walton Ladder
	High-Voltage filtration

	Front-End Feedback
	Front-End Stencils
	Front-End Micro-controller and MOSFET
	Front-End Inverting Op-Amp
	Front-End Layering
	Front-End Charge Pump

	Combined Circuit

	Measurements and Results
	Electrical Characteristics
	Dynode Voltage Distribution Ratio
	Photocathode Voltage Regulation
	Photocathode Voltage Stability
	Power Consumption

	Radioisotope Spectroscopy
	Scintillating Crystal
	Digitizer
	Testing Setup
	Spectral Analysis


	Conclusion and Future work
	Conclusion
	Future Work

	Bibliography
	Reference Materials
	High-Voltage Power Supply and BOM

	Spectral Analysis Python Code

