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ABSTRACT 
 
 
The purpose of this thesis was to design, build, and test a device capable of 

simulating the acoustic pulse expected from the interaction between an Ultra-High 

Energy (UHE) neutrino and seawater.  When a neutrino interacts with seawater, the 

reaction creates a long, narrow shower of sub-atomic particles.  The energy from this 

reaction causes nearly instantaneous heating of the seawater on an acoustic timescale.  

The acoustic pulse created by the resulting thermal expansion of the water is predicted to 

be bipolar in shape.  This work was undertaken to support a Stanford experiment, the 

Study of Acoustic Ultra-high energy Neutrino Detection (SAUND), that uses existing 

hydrophone arrays to detect UHE neutrinos from the acoustic pulse generated by their 

rare interactions with seawater.   

The device fabricated for this thesis uses the discharge current from a 4µF 

capacitor charged to 2.5kV to heat the seawater between two copper plates.  The anode 

and cathode plates of this “zapper” design were 6 cm in diameter and 20 cm apart.  The 

acoustic pulse generated by the zapper was measured both in a small test tank at NPS and 

at the Acoustic Test Facility located at NUWC Keyport.  Bipolar pulses observed at NPS 

on two separate test dates had average pulse lengths of 110µs +/- 10µs and 160 +/- 20µs 

and average amplitudes at 1m of 1.9 +/- 0.3Pa and 4.7 +/- 0.6Pa.  The average pulse 

length recorded at Keyport was 49 +/- 6µs and the average amplitude at 1m was 6.4 +/- 

0.9Pa.  The pulse lengths recorded at NPS were reasonably consistent with theory, 

however all pressure amplitudes were about 100 times lower than predicted.  The cause 

of the amplitude discrepancy is not completely understood at this time.     
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1 

I. INTRODUCTION  

The purpose of this thesis was to simulate the acoustic pulse created by the 

interaction between an Ultra-High Energy (UHE) neutrino and seawater.  The interaction 

between a neutrino and seawater forms a shower of subatomic particles.  The energy 

from this shower results in near instantaneous heating of the seawater.  An acoustic pulse 

is formed from the resultant expansion of the seawater as it heats up.  The pulse formed is 

expected to be a bipolar pulse that goes positive first.  The pulse length and amplitude 

depend on the properties of the seawater in addition to the dimensions of the shower.  

In 2001, Giorgio Gratta of Stanford University began an experiment to detect 

UHE neutrinos acoustically using a matched filter to detect the acoustic pulse received by 

existing hydrophone arrays.  This project is referred to as the Study of Acoustic Ultra-

high Neutrino Detection (SAUND) and is currently based on a large hydrophone array 

that the US Navy operates for naval exercises at the Atlantic Undersea Test and 

Evaluation Center (AUTEC).  

In order to examine the possibility of detecting the acoustic pulse from a neutrino-

seawater interaction, a decision was made in collaboration with Stanford to build a device 

to simulate the acoustic signature at AUTEC.  This device, or "zapper", would test 

SAUND's ability to pick up the desired signal as well as to determine the ability of 

SAUND to correlate signals from different hydrophones.  The zapper would be deployed 

underwater and attempt to simulate the neutrino's reaction by discharging a capacitor 

through the seawater. 

The design of the zapper went through many iterations and a working prototype 

was constructed and tested in January 2006.  The zapper prototype was tested twice in a 

saltwater tank at the Naval Postgraduate School (NPS) and then tested underwater at the 

Acoustic Test Facility (ATF) at the Naval Undersea Warfare Center (NUWC) located in 

Keyport, WA.  Initial testing revealed the expected bipolar pulse.  The pulse durations 

measured at NPS were in reasonable agreement with established theory, however, all 

amplitudes were two orders of magnitude lower than anticipated. 
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II. BACKGROUND 

A. NEUTRINO INTERACTIONS WITH SEA WATER 

A neutrino with an energy greater than  eV is considered to be UHE.  Cosmic 

rays from beyond our galaxy are one source of these UHE neutrinos.  When a neutrino 

reacts with a water molecule, it creates a hadronic shower.  Dolgoshien and Askaryan 

first proposed in 1957 that a high-energy charged particle in water would create a thermal 

shock resulting in the emission of an acoustic pulse.  According to Lehtinen et. al. [2002], 

the particle shower created by the reaction is elongated into a long, thin vertical column 

approximately 20m long.  The mechanism that creates the acoustic pulse is the near 

instantaneous heating of the water in the vertical column of the shower.  The resultant 

pulse is created by the summation of the expansion of infinitesimal volumes in the 

column.   

1810

Assuming that the energy deposition can be expressed in terms of a delta function 

in both space and time, Learned [1979] solves for the pressure as a function of distance 

and time as: 

Eq 1  '( / )( , )
4

o

p

E K r c tp r t
C r

δ
π

−
= ’ 

where K is the thermal expansion coefficient,  is the specific heat,  is the total 

energy deposited and c is the speed of sound.  Using the more realistic Gaussian heat 

distribution, the equation becomes: 

pC oE

Eq 2 2 2
3

'( , ') exp[ ( ') / 2( / ) ]
4 (2 )( / )

o

p

E K tp r t t c
C c

σ
π π σ

= − − ’ 

where t’ is the retarded time, /t r c− , and σ  is the standard deviation of the heat 

deposition in time.  This is a bipolar pulse which swings positive first.  An example of the 

expected pulse is shown in Figure 1. 
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Figure 1.   Calculated acoustic pulse from neutrino interactions.  From Learned [1979] 

 

The pressure amplitude is calculated assuming that the shower column is 

uniformly heated and the length is much larger than the diameter.  This equation is given 

by Sulak et. al. [1979] as:   

Eq 3  
2

2

sin
8

o

p

EK cP
C r d x

≅
x ’ 

Where sinLx π θ
λ

⎛ ⎞= ⎜ ⎟
⎝ ⎠

, L is the length of the column, and d is the diameter of the 

column, and θ  is the angle to the measurement point relative to the acoustic axis.  The 

pulse length is dependent on the geometry of the shower’s vertical column as well as the 

time period over which the energy is deposited.  It is calculated as the summation of the 

time period over which the energy is deposited plus twice the time that it takes sound to 

travel from one side of the column to the other. 

 

 B. STUDY OF ACOUSTIC HIGH-ENERGY NEUTRINO DETECTION 
(SAUND) 

 During the 1970’s, the Deep Underwater Muon And Neutrino Detection 

(DUMAND) project was designed to detect UHE neutrinos from Čerenkov radiation.  

Although acoustic detection was considered, it was not accomplished before the project 

was discontinued in 1996.  The idea of the acoustic detection of neutrinos was resurrected 

around 2001 and is being pursued by a number of groups.  Giorgio Gratta of the Stanford 

High Energy Physics group has established the Study of Acoustic Ultra-high energy 
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Neutrino Detection (SAUND) to use pre-existing hydrophone arrays to detect neutrinos 

acoustically.  The hydrophone arrays currently being used are the new AUTEC 

Hydrophone Replacement Program (AHRP) arrays located in the Tongue of the Ocean in 

the Bahamas.  These bottom mounted hydrophone arrays are approximately 2km in depth 

and cover an area of approximately 250 .  A conceptual picture of an AHRP 

hydrophone detecting the acoustic pulse from a hadronic shower is shown in Figure 2. 

2km

 
Figure 2.   Example of acoustic detection of pulse created from hadronic shower.  From 

Lehtinen et. al. [2002] 

SAUND computers receive the raw hydrophone data from the AHRP arrays.  A 

master computer controls the timing and the noise thresholds that are applied to the data.  

A matched filter using the bipolar pulse shown in Figure 1 attempts to detect the rarely 

occurring neutrino signature amidst the voluminous data acquired.  

 Due to uncertainties in both how the AUTEC environment and the AHRP 

electronics would affect the neutrino’s acoustic signature, a calibration was proposed to 

characterize the AHRP system.  In addition, it was necessary to ensure that the signal 

expected from a UHE neutrino could in fact be detected by the AHRP hydrophones.  The 

calibration required designing and building a device which could mimic the acoustic 

pulse described in Chapter II by using an electric discharge to quickly heat the water in a 

column of seawater.  Since this device would in effect “zap” the water with electricity, 

this device was dubbed the “zapper”.  
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III. DESIGN 

A. INITIAL DESIGN 
As described in the previous chapter, the goal of the zapper was to simulate the 

acoustic signature expected from the reaction between a neutrino and seawater. Because 

of the expected length of the hadronic shower, the initial zapper design involved 

discharging a capacitor through seawater between an anode and a cathode placed 10m 

apart from each other.  To contain the path of the resulting current to a small cross-

sectional area, the design called for a 2 cm diameter helical strip of plastic insulation to 

be wrapped around the axis from the anode to the cathode.  A rough initial sketch of this 

design is shown in Figure 3.   In order to verify the expected acoustic signature which 

would be detected by the AUTEC hydrophones from neutrino interactions at various 

depths and from various directions, preliminary designs called for having the “zapper” 

discharge periodically while spiraling down through the water column.  Since the water 

depth near the AUTEC AHARP arrays extends to 1.6km, the pressure vessel for the 

supporting electronics had to have a depth tolerance of about 160atm.  The plans also 

included a float and detachable anchor to recover the device after its descent.    

 
Figure 3.   Sketch for zapper original design.  From Gratta [2005] 
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The electronics portion of this initial design called for a capacitor to hold and 

discharge the electricity.  The seawater serves as the load, and a spark gap switch controls 

the capacitor discharge.  The initial design also called for a pressure sensor to "turn on" 

the zapper at a depth of 30m.  A trigger circuit was envisioned as a means to turn the 

spark gap switch on periodically after the capacitor was fully charged..  To mimic the 

neutrino signature, the energy to be discharged was 1J or about 1019 eV.  The resistance 

of the water column between the anode and cathode can be found using the equation: 

Eq 4 LR
A
ρ=  , 

where L is the length of the cylinder of water between the anode and cathode, A is the 

cross-sectional area, and ρ  is the resistivity of sea water.  Using the accepted value of 

0.2  as the resistivity of seawater (Boyd [2006]), and inserting the values for L 

(10m) and A ( ), the resistance of the cylinder of seawater is calculated to be 

6.4 .  To create the thermal heating on a sufficiently small time scale, the time 

constant for the discharge was set at 5

mΩ−
2(1 )cmπ

kΩ

sµ .  Using the relationship between the discharge 

time constant, the capacitance, and the resistance: 

Eq 5 C
R
τ

= , 

the desired capacitor value is found to be 833pF.  This value was rounded up to 1nF to 

get a standard value.  The voltage needed to dump 1J of energy into the water is then 

found using the equation: 

Eq 6 2EV
C

=  , 

where E is total energy.  This resulted in a voltage of 45 kV.  Unfortunately, this value 

was too high for the available high voltage components as the highest value of spark gap 

switch readily available was rated at 30kV.  Because higher voltages require larger 

capacitors to avoid dielectric breakdown, 45kV also drove the design to a larger capacitor 

which would, in turn, require a larger pressure vessel..  By doubling the capacitance to 

2nF, the voltage required could be dropped to 30kV enabling the use of smaller and more 

readily available components.  The higher capacitance doubled the time constant from 
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5 sµ  to 10 sµ .  While any increase in the pulse length is undesirable from the point of 

view of simulating the near instantaneous heating of seawater due to a neutrino 

interaction, the trade-off was deemed acceptable since the simulated pulse – although 

longer – could still be used to validate the ability of SAUND II to detect neutrino-like 

acoustic signatures. 

 

B.  REFINING THE INITIAL DESIGN 
With the assistance of Don Snyder, a technician in the Rail Gun Group at NPS, a 

rudimentary desktop model was constructed to test the electronic design.  A schematic of 

this design is shown on Figure 4, and a picture of the desktop model is shown on Figure 

5.  Four mica 500pF capacitors were put in parallel to provide the 2nF of capacitance.  

The power source was a variable 0-30kV DC voltage supply.  The spark gap switch 

chosen was a gas-filled switch using sulfur hexafluoride.  This was chosen as it was 

readily available and could withstand at least 30kV.  

 
Figure 4.   Schematic of zapper initial design 

The desktop model provided many lessons towards making a working prototype.  

One challenge was that the gas spark gap switch was unreliable.  During testing, it would 

discharge the capacitor about half the time.  This was attributed to the fact that the 

particular spark gap switch that was being used was made to work at 50kV, and 30kV 

was towards the bottom of its operating range.  Another challenge while working with 

this design was the difficulty in measuring data.  Many commercial devices such as an 
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oscilloscope or a voltmeter could not function at 30kV.  The solution was to use a 

commercial voltage divider to track the charging of the zapper, and a Pearson current 

monitor to indirectly measure the current as the capacitor discharged.  The final 

significant challenge that was observed was the need to place components at least an inch 

from each other.  This is due to the fact that dielectric breakdown of air occurs at 

approximately 25kV per inch.  Since the components need to be in close proximity in the 

pressure vessel, this limitation posed a challenge for the prototype.  A possible solution 

might be to cover the components in an insulating material at the final construction. 

 
Figure 5.   Desktop model of initial design 

After consulting with the Stanford High Energy Physics (HEP) group, a decision 

was made to scale back the design of the zapper to create a simpler version for the first 

stage of testing.  One of the main concerns was to "shrink" the conducting path to a more 

manageable size for fabrication and testing purposes.  The dimensions chosen were a 

length of 20cm and a diameter of 10cm.  This shorter length was also expected to 

produce the additional advantage of a more omni-directional pulse.  Another way in 

which the design was simplified was by removing the requirement for continuous 

operation during its descent to the bottom.  Instead, the simplified version was envisioned 

as operating while suspended from a boat.  Its depth was intended to be sufficiently far 
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beneath the surface to avoid having surface reflections interfere with the pulse received 

from the direct path.  Given the shorter length and larger diameter of the new design, the 

conducting cylinder's resistance was expected to decrease from 6 kΩ  to 5  using Eq 4.  

Also, in order to increase the likelihood of detecting the acoustic signal, the total energy 

to be released into the water was increased from 1J to at least 10J.  For the purpose of 

using readily available parts, a  4

Ω

Fµ  capacitor was chosen, and the voltage was raised 

slightly to 2.5kV (the upper limit of the capacitor.) At this voltage there are alternatives 

to a spark gap switch such as high power transistors.  At 2.5kV, the 4 Fµ  capacitor 

delivers 12.5J of energy to the seawater with a time constant of 20 sµ .  The parameters 

chosen for the simplified zapper design were therefore: 

• 4C Fµ=  
• V = 2.5kV 
• L = 20cm 
• d = 10cm 

 

C. FINAL DESIGN 

1. Selecting the Main Components 

As noted above, the decision to lower the voltage made acquiring parts easier, 

however, the components still need to tolerate fairly high currents.  This made finding a 

suitable switching mechanism challenging.  The expected peak current was calculated to 

be 490A.  The original plan was to use a vacuum spark gap for the switching mechanism.  

However, there was a minimum wait of four weeks for that part so a replacement part 

was sought.  After consulting with Professor Alex Julian of the Electrical Engineering 

Department at NPS, a suitable alternative was identified, an Insulated Gate Bipolar 

Junction Transistor (IGBT).  The IGBT chosen was a Powerex CM400-90H rated at 

4.5kV and 400A.  Typical commercial uses would be switching applications where high 

switching speed and high power were needed, such as in subways.  The selection of the 

IGBT necessitated small changes to the circuit design.  To protect the IGBT it was placed 

between the load and ground instead of between the capacitor and the load as was 

initially intended.  This change is illustrated in Figure 6.   
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Figure 6.   Schematic of zapper final design 

The power was supplied by a 12V battery.  The type of battery chosen was a 7.5 

Amp hour Solid Lead Acid (SLA) battery.  The SLA battery was chosen because of its 

relatively high energy density, its availability, and its reliability.  12V was chosen 

because it could power most types of anticipated circuitry and is the voltage required by 

most types of commercial DC-DC voltage converters.  A DC-DC voltage converter was 

chosen to amplify the 12V to the required 2.5kV.  The voltage converter chosen was an 

EMCO DX100, which is a variable 1.5-10kV converter.  It has three inputs, a ground, an 

input for 12V, and a third input that controls the voltage output by acting as a 

potentiometer.  Through testing, it was found that a 650Ω  resistor between the third 

input and ground provided the required 2.5kV output.   

The circuit requires two diodes to provide protection.  One diode is connected to 

the output of the DC-DC voltage converter.  This is done to prevent potentially damaging 

feedback to the voltage converter.  The second diode is placed between the capacitor and 

the collector of the IGBT.  This is done to provide an alternative path for the current in 

case the IGBT unexpectedly turns off.  These diodes are shown in Figure 6. 

A magnetic proximity switch is placed in series with the 12V battery and the 

power lead of the DC-DC converter as shown in Figure 6.  This provides a mechanical 

safety for the zapper.  The magnetic switch has options for both normally open and 

normally closed (with no magnet applied).  The option chosen for the zapper was to use 

the normally open option.  In this configuration no power goes to the DC-DC voltage 

12 



converter unless the magnet is applied.  Once the magnet is applied, the battery powers 

the voltage converter, and the capacitor starts to charge.  The magnetic switch is affixed 

to the inside of the pressure vessel.  When ready to commence charging the capacitor, the 

magnet is attached to the outside of the pressure vessel directly over the switch.  A 

magnet strong enough to activate the switch through the pressure vessel wall was found 

from an old 3.5" floppy drive.  This arrangement provides another type of safety measure 

as well.  When the magnet is detached from the outside of the pressure vessel, the 

capacitor can no longer be charged up.  However, it can still have a residual charge.  

Since the power to the rest of the circuit is still on, the triggering mechanism remains 

active.  Therefore, the zapper will discharge any remaining charge on the capacitor after a 

short wait and is then safe to retrieve from the water.  And finally, for the  capacitor, 

a doorknob mica capacitor was chosen both for its availability, its size (9cm diameter, 5 

cm thick), and its low inductance (~

4uF

20 Hµ ).   

 

2. Trigger Circuit and Pressure Sensor  
Originally it was thought that the DC-DC power converter needed a resistor in 

series to limit the current to 5mA. The value of the charging resistor needed was 

determined to be approximately 1 MΩ . This value results in a time constant of four 

seconds for charging the capacitor.  The discharge time constant was determined to be 

20 sµ .   Thus, a pulse was needed to "turn on" the IGBT for 200ms and "turn off" the 

IGBT for four seconds.  The off time was extended to five seconds to add a buffer to 

allow the capacitor to charge fully.  After reviewing the spec sheet and testing the IGBT, 

the voltage required to turn on the IGBT was 6V, and the current required was 

approximately 50mA.  Preliminary attempts to accomplish this with an LM555 timer 

integrated circuit (IC) chip were unsuccessful due to the low duty cycle, so the next step 

was to try two LM555's in parallel.  This attempt was also unsuccessful.  Although the 

use of a microprocessor had initially been rejected as too space consuming, it presented 

itself at this point as the only option.  The microprocessor chosen was a Z-World 

BL2000.  This microprocessor was already available and had the advantage of being 

familiar. It uses the Dynamic C programming language which is very similar to C.  

Producing the pulse with the BL2000 proved to be quite simple. The BL2000 was 
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programmed to output a TTL "high" (5V), wait for 200ms, output a TTL "low" signal 

(0V), and wait for 5000ms (five seconds) while in an infinite loop.   

As it turned out, the program had to be modified slightly due to the DC-DC 

voltage converter.  The converter could only output a maximum current of 100 Aµ .  

After reviewing the specs and noting that the voltage converter had short circuit 

protection, the charging resistor was removed.  Testing the charge time without the 

charging resistor, the capacitor required two minutes to become fully charged.   

 
Figure 7.   Dynamic C program used in BL200 microcontroller 

The output of the microprocessor alone can’t turn on the IGBT, so a small 

amplifier circuit is needed.  A HEXFET IRF 2805 in the common source mode is used to 

amplify the signal as shown in Figure 6.  When the BL2000 outputs 0V, the output of the 

amplifier is 12V, and when the output of the BL2000 is 5V, the amplifier outputs 0V.  

Thus, the pulse is inverted.  The program of the BL2000 was adjusted to compensate for 

this.  The output going into the gate of the IGBT is a 12V pulse for 200ms followed by 

0V for two minutes.  The final program is shown in Figure 7. 

To turn the zapper on at the desired depth, the Measurement Specialties MSP 600-

100-P-3-D-4 pressure sensor was chosen to provide a voltage signal which could be fed 

to the microcontroller to control the charging process.  The pressure sensor requires 5V 
14 



for power, so a 7805 5V voltage regulator is used to draw down the 12V from the battery 

to 5V.  Tests of the pressure sensor revealed that it read 0.53V at ambient pressure and 

increased at a rate of approximately 0.01V per 10cm in fresh water.  To turn the zapper 

on at a depth of about half a meter, therefore, would require the microcontroller to 

activate the charging process with an input signal of 0.6V.  To accomplish this with the 

microcontroller, the pressure sensor output was connected to one of the inputs of the 

microcontroller, and the program was adjusted to output the pulse when the input is 

greater than 0.6V.  If the voltage falls below 0.6V, the microcontroller stops.  Using 

Dynamic C, this was accomplished by using an "IF..ELSE" statement and is shown in 

Figure 8.   
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Figure 8.   Dynamic C program incorporating pressure sensor   

 

3. Pressure Vessel 

In order to protect electronics at depth, a pressure vessel is required.  Commercial 

pressure vessels require long lead times and are quite expensive.  As an alternative, a 

pressure vessel manufactured by the Oceanography Department at NPS was chosen.  This 
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pressure vessel was cheaper than commercial pressure vessels.  In addition, the short lead 

time of one week allowed for sufficient time to determine the exact size specifications 

needed to accommodate the electronic components that were to be housed inside.  

Once all the parts were in hand, the size of the pressure vessel was determined to 

be 3ft long and 8in in diameter (inner).  A 5in wide aluminum tray was fitted inside the 

pressure vessel to mount the electronics.  A sheet of 1/4 inch thick PVC was placed over 

the aluminum tray to provide a insulated base for the zapper.  The pressure vessel has 3 

openings to the water.  Two are on one end of the vessel to accommodate the conducting 

cables carrying the discharge current.  The third opening is on the other end of the 

pressure vessel where the pressure sensor fits.    

 

4. Conducting Channel 
The conducting channel consists of two conducting plates 6cm in diameter and set 

20cm apart.  The plates are made of copper since it was readily available and is an 

excellent conductor.  Testing was done to ensure that corrosion would not affect the 

results during the duration of the experiments, and the result of these tests are detailed in 

the "Testing" section.  To prevent possible fringing of the discharge current, the design 

called for insulation around the conducting path between the plates.  Towed array tubing 

was chosen because it is designed to match the impedance of seawater.  The largest 

towed array tubing available, however, had an 8cm diameter.  The support structure 

within the tube (required to hold and space the copper plates) reduced the space available 

for the plates even further.  Therefore, the plates which were originally intended to be 

10cm ended up as 6cm in diameter.  The support structure consists of two plastic wheels 

with three rods connecting them.  The copper plates are attached to the inside of the 8cm 

diameter wheels.  The towed array tubing slides over this assembly.  A sketch of the 

complete assembly of the conducting path is shown in Figure 9. 



 
Figure 9.   Sketch of conduction path 

The conducting path is rigidly fixed to the pressure vessel so that it remains 

vertical as the pressure vessel is lowered into the water.  This is accomplished by using a 

semi-circular plastic piece attached to a 1.75cm (3/4 inch) PVC pipe that attaches to the 

conducting path.  The PVC pipe is 45cm long so as to minimize the scattering and 

reflection of the acoustic pulse off of the pressure vessel.  The cables from the pressure 

vessel are affixed to opposite sides of the conducting path as shown on Figure 10.   

 
Figure 10.   Conducting path with cables attached 
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IV. FABRICATION 

A. ELECTRICAL COMPONENTS 

The manufacturing of the pressure vessel took approximately 14 days.  The delay 

in the expected time was due to a wait for cable connectors.  When the pressure vessel 

was ready, the electrical components were mounted on the aluminum tray.  The 

aluminum tray was five inches across and nearly three feet long, almost as long as the 

pressure vessel itself.  To mount the electrical components, a sheet of PVC 1/4 inch thick 

was mounted on top of the aluminum tray to give the zapper an insulated surface.  The 

PVC sheet was thick enough so the mounting screws of the components did not penetrate 

the PVC and contact the aluminum below.   

The primary consideration for where to place the electrical components was the 

desire to minimize any Electromagnetic Interference (EMI) which might result from the 

large current occurring during discharge.  EMI can adversely affect logic components 

such as the BL2000, 5V voltage regulator, and amplifier circuit.  So, the capacitor was 

placed at the end of the vessel near the feedthroughs, and the logic components were 

located at the other end.  Most of the components were four-five inches in dimension, so 

the components were mounted in a line.  Another goal in the placement of the 

components was to make the wiring between everything as short as possible.   

Starting from the end opposite the feedthrough cables, the 12V battery was 

mounted first.  The battery was mounted using a metal bracket that nearly encased the 

battery, leaving the terminals exposed.  Figure 11 shows a picture of the mounted battery.  

The battery was placed here, because the BL2000 and logic circuits also needed to be 

placed at this end and required the 12V source.  The next component mounted was the 

BL2000.  The BL2000 had holes for mounting, so the BL2000 was screwed into place.  

The amplifier circuit, voltage regulator circuit and 650Ω  resistor for the DC-DC voltage 

regulator were soldered onto a prototype board.  The power from the battery was also 

inserted into the prototype board to provide a central place for power for the zapper.  The 

magnetic switch was placed in series between the 12V power and the power lead for the 

DC-DC voltage converter on the prototype board.  The prototype board was then 
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mounted onto plastic supports that were screwed into the BL2000.  Figure 12 shows the 

prototype board mounted onto the BL2000 with the protective cover.  The pressure 

sensor was screwed into the pressure vessel's end cap on the battery's side. The photo of 

this is shown in Figure 13. 

 
Figure 11.   12V solid lead acid battery with mount 

 
Figure 12.   PC board and BL2000 with protective cover 
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Figure 13.   Pressure sensor and end cap 

The next part mounted was the IGBT since the inputs for the IGBT come from the 

prototype board.  The DC-DC voltage converter was mounted next to the IGBT with a 

bracket.  The IGBT and DC-DC voltage converter are shown mounted in Figure 14.  

Finally the capacitor was mounted at the far end of the device as close as possible to the 

feedthrough cables.  The feedthrough cables on the inside of the zapper were too long, 

and these were cut and spliced with a smaller gauge wire to be connected to the capacitor.  

The capacitor was first put in a cradle, and then a bracket was placed around the capacitor 

and cradle.  The mounted capacitor and the spliced inside cables are shown in Figure 15.  

 
Figure 14.   IGBT and DC-DC voltage converter 
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Figure 15.   4µ F capacitor 

 

B. PRESSURE VESSEL AND EXTERNAL COMPONENTS 

The conducting path was originally constructed with the three ½ inch plastic 

supports shown in Figure 9.  However, to minimize interference with the acoustic pulse, 

the plastic supports were decreased to 1/4".  The conducting path without the towed array 

tubing attached is shown in Figure 16.  The towed array cable was then slid over the 

conducting path.  The towed array tubing arrived flattened and was therefore hard to put 

around the conducting path without damaging it.  Heating the tubing made it more 

pliable.  After fitting it on the conducting path, the tubing was slightly loose.  A plastic 

screw was used to keep it in place.  Figure 17 shows the conducting path with the towed 

array tubing on.   

 
Figure 16.   Conducting path 
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Figure 17.   Conducting path with towed array tubing 

The current carrying cables running through the feedthroughs were 0 gauge and 

had a voltage rating of 30kV  Since these cables were extremely stiff and the voltage 

rating was higher than necessary for such a short pulse, the cables were reduced to a more 

manageable gauge (8).  A 3M splice kit for underwater use was used to splice smaller 

cable to both ends.  A molding was placed around the joint, and resin was poured into the 

molding and left to cure for 24 hours.  Figure 18 shows the entire conducting path 

mounted and connected to the zapper.    

 
Figure 18.   Zapper in pressure vessel with conducting path attached 
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V. TESTING 

A. NPS TESTS 

1. Initial Test 

The initial test for the zapper was at NPS on January 17, 2006, in a polypropylene 

tank approximately 36cm x 72cm x 60cm (width, length, depth).  The tank was filled to 

55cm with fresh water from the sink in the laboratory.  True seawater was not readily 

available in the quantity needed, so seawater was simulated by using sodium chloride 

water softener salt to approximate the salinity of seawater, 35ppt.  Based on the volume 

of water in the tank, the amount of water softener salt needed was 80lbs.  This was added 

to the tank and allowed to dissolve for 24 hours.   

The purpose of this test was to test the zapper to see if the device was working as 

intended and to observe the nature of the acoustic pulse emitted to see if the pulse was as 

expected.  For this test, the electronics portion of the zapper was positioned outside the 

polypropylene tank with the conducting path hanging in the water.  Two four-by-four 

wooden planks were laid over the tank, and the zapper was suspended on them.  The 

conducting path was held vertical in the center of the tank, and the midpoint was lowered 

to 28cm in depth.  A Brüel and Kjær 8103 type hydrophone was initially 27cm away 

from the conducting path and held vertical with ring stands.  Figure 19 shows a photo of 

this layout.   

 
Figure 19.   NPS tank test 
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The battery to the zapper was connected and a magnet was applied to the 

magnetic switch to close the circuit between the DC-DC converter and the 12V battery to 

charge the capacitor.  The capacitor was monitored using a DC probe rated at 6kV which 

lowered the voltage by a ratio of 1,000:1. This allowed the voltage across the capacitor to 

be read by a voltmeter.  The circuitry of the zapper worked as designed.   

An acoustic pulse was measured by the hydrophone and an example of this 

waveform can be seen in Figure 20.  The sensitivity of the hydrophone was 26 

/V Paµ over the frequency range of the pulse.  As expected, the waveform was observed 

to be bipolar; however, it appeared to go negative first.  The hydrophone's position was 

varied 20-60cm in distance from the conducting path and was raised up to 10cm 

vertically from the midpoint of the conducting path.  22 waveforms were recorded during 

the testing.  A table with the raw numerical data from the pulses which agreed with the 

expected bipolar pulse shape is shown on Table 1. 

  
Table 1. Jan 17 Test Results 
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Figure 20.   Jan 17 NPS tank test zapper pulse 

 
 

2. Follow on tests 
The zapper was tested in the tank again on January 25, 2006.  The purpose of this 

test was to observe the acoustic pulse as well as the current levels using a Pearson 

Current Monitor Model 4997 which converted the current into voltage at a ratio of 100:1.  

The peak value of the current allowed a calculation of the resistance of the conducting 

path.  This was used to calculate the effective resistivity of the saltwater tank assuming 

that the resistance of the cables could be neglected.  The same experimental setup as the 

previous test was used.  This time the hydrophone was kept at a constant distance of 

27cm and the height maintained at the midpoint of the conducting path.  The towed array 

tubing around the conducting path was removed for some of the data points.  A 

representative waveform with both the current and the acoustic pulse is shown in Figure 

21.  Nine data points were taken, and these are shown in Table 2.   
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Table 2. Jan 25 Test Results 

 
Figure 21.   Jan 25 NPS tank test zapper pulse with current waveform 

 

B. KEYPORT TEST 

The testing of the zapper in seawater was done at Keyport, WA on January 20, 

2006 at the Naval Undersea Warfare Center (NUWC) Acoustic Test Facility.  The 

purpose of this test was to test the zapper underwater and to see if the acoustic pulse was 

as expected and consistent with the NPS tests.  The zapper was deployed vertically 

underwater with a mechanical hoist and lowered several meters below the surface of the 
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water.  An ITC 5600 type hydrophone was lowered to depth of the midpoint of the 

conducting path which was 4m.  The hydrophone was initially placed 2m away.  The 

conducting path was rotated in 90 degree increments to determine the waveform’s 

directionality.  The setup of the experiment is shown on Figure 22.  The conducting path 

was raised and lowered 10cm above and below the level of the hydrophone and again, 

four samples were taken at 90 degree increments for each height.  For these 

measurements, the hydrophone was moved to a distance of 1m from the conducting path.  

The zapper was then taken out of the water, the towed array tubing around the conducting 

path removed, and three measurements were taken at a distance of 2m.  The hydrophone 

was again positioned at the midpoint of the conducting path.  The sensitivity of the 

hydrophone was –166dB V/µPa.  The temperature of the seawater was recorded as 9 

degrees Celsius with a salinity of 29ppt.  A waveform from this test is shown in Figure 

23.  A total of 15 pulses were recorded and the data is shown on Table 3.   

 

 
Figure 22.   NUWC Keyport Test 
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Figure 23.   NUWC Keyport zapper pulse 

 

 
Table 3. Keyport Test Results 
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VI.  RESULTS 

A. NPS TANK RESULTS 

1. Jan 17 Test Results 

As noted in Chapter V, the zapper produced an acoustic pulse that closely 

resembled the bipolar pulse that was expected but went negative first.  In this initial test, 

the cause of this was not attributed to the pre-amplifier, as the inverter button was 

inactive.  A series of tests were conducted to determine the polarity of the hydrophone.  

These tests revealed that the hydrophone was poled to produce a negative voltage for a 

positive pressure.  As shown in Table 1, the peak pressure backed out to one meter varied 

widely and averaged 1.9 +/- 0.3 Pa.  These pressures are about 100 times lower than the 

theoretical value of 308 Pa calculated using Eq 3.  The gain of the pre-amplifier was set 

at 500.  The reason for this large discrepancy is not yet known and is still being 

investigated.  The pulse lengths were very close to the expected values as shown in Table 

1.  The average pulse lengths were 110 +/- 10µs, which is consistent with the theoretical 

value of 112µs. 

 

2. Jan 25 Test Results 
The second test at the NPS tank was done with a Pearson current monitor.  When 

the current waveform and the acoustic pulse waveform are shown on the same graph as in 

Figure 22, an EMI spike is seen in the acoustic waveform at the same time as the current 

signal.  As shown in Table 2, the average peak pressure was 4.7 +/- 0.6Pa.  This value is 

also about two orders of magnitude below the theoretical value of 308 Pa.  It is also 

inconsistent with the previous NPS tank pressure amplitude of 0.8Pa.  Although the gain 

of the preamp was also recorded as 500 for this test, an error in the gain setting cannot be 

ruled out as a cause of this inconsistency.  Other possibilities for this inconsistency 

include temperature and salinity variations between the two tests conducted at NPS.  

Unfortunately the temperature for these two tests was not recorded.  Furthermore, not all 

of the salt added had a chance to dissolve in time for the tests on the 17th.  Therefore the 

salinity was higher on the 25th.  The average pulse lengths were considerably higher at 

160 +/- 20µs, which is higher than the theoretical value of 112µs.  The pressure 



amplitude and pulse length did not change perceptibly when the conducting path 

insulation was removed.   

The peak current measured with the conducting path insulation on averaged 

191A.  Using Ohm's law, V=IR, the resistance of the conducting path was calculated to 

be 12.5 .  Applying Eq 4 the resistivity was calculated to be 0.17 , using the 

diameter of the copper conducting plates of 6cm.  This resistivity of the tank was close to 

the accepted average resistivity of seawater, 0.2

Ω mΩ−

mΩ− .  When the conducting path 

insulation was removed, the current increased to 198A.  This corresponds to a resistance 

of 14 .  Using Eq 4 and the resistivity of the tank, 0.17Ω mΩ− , the effective diameter of 

the conducting path increased to 8cm.  This effect is undoubtedly due to the fringing of 

the electric field and indicates that having insulation around the conducting path is 

valuable for concentrating the heat energy.  

 

B. KEYPORT TEST RESULTS 
The four pulses that were that were recorded with the hydrophone in line with the 

midpoint of the conducting path are shown in Table 3.  The average pressure of these are 

6.4 +/- 0.9Pa.  The pulse length did not appear to change with angle and averaged 49 +/- 

6µs.  These pulse amplitudes are the same order of magnitude as the NPS tests, but the 

average pulse length was about half the value measured at NPS.  At this time it is not 

known whether the discrepancy is due to experimental procedure or experimental 

conditions.  It is possible that during the NPS tests, the hydrophone was not positioned 

exactly on the acoustic axis of the zapper.   

When the conducting path was raised and lowered 10cm, the average peak 

pressure lowered considerably to 1.5Pa.  The angle between the hydrophone and the 

acoustic axis of the hydrophone was approximately 6 degrees.  Based on Eq 3, the peak 

pulse amplitude at 6 degrees is expected to be about 2% of the on-axis amplitude.  

However, the measured peak pressures were approximately 20% of the on-axis values.  

This discrepancy cannot be attributed to near-field effects since the far-field should start 

at about 20cm based on the far-field equation:    
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Eq 7  
2

4
Lr
λ

= , 

where L is the length of the conducting path and λ  is the wavelength of the pulse.   

Three pulses were recorded with the towed array tubing removed.  The average of 

the peak pressure amplitudes was 3.3Pa which was approximately 3Pa lower than the 

average value when the conducting path insulation was on.  Thus, the insulation appears 

to maximize the pressure amplitudes.  A graph showing the peak pressure all of the 

waveforms recorded during both the NPS and Keyport tests as a function of range is 

shown in Figure 24.  The curve on Figure 24 is the 1/r prediction based on the mean of 

the Keyport data. 

 
Figure 24.   Summary of Results - Peak Pressure vs. Range 
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VII.  CONCLUSION 

A. DISCUSSION OF RESULTS 

The zapper successfully produced a bipolar acoustic pulse.  Qualitatively, this 

result validates the theory which predicts that a bipolar acoustic pulse is generated by the 

near instantaneous heating of a fluid.  The pulse lengths measured in the NPS tank were 

reasonably consistent with the quantitative predictions of theory. They had an average 

value of 110µs and 160µs which is reasonably close to the theoretical value of 112µs. 

The pulse lengths recorded at Keyport were not consistent with theory.  The average 

value of the pulse lengths was 49µs.  The difference between the Keyport values and the 

theoretical value is being investigated.  The simplest explanation for this discrepancy is a 

mistake in the recording of the sampling frequency.  The pressure amplitudes for all the 

tests were fairly consistent and much lower than the predicted value of 308Pa.   

The pressure amplitudes did not change significantly when the towed array tubing 

was removed from the conducting path in the NPS tank tests.  However, when the same 

tests were done at Keyport, the differences in pressure were approximately 3Pa.  This 

indicates that the towed array tubing does enhance the performance of the zapper, though 

perhaps not as dramatically as expected. 

 

B. AREAS FOR FURTHER STUDY 
While the zapper was successful in proving that the acoustic pulse created by an 

electric discharge in seawater is consistent with theoretical predictions for a neutrino 

interaction, there are still a number of unresolved questions.  One of the more puzzling 

questions is the large difference between the measured pressure amplitude and the 

theoretical value.  Another subject for further study is the difference that was seen 

between the NPS data and the Keyport data.  More testing needs to be done to confirm  

that there is an actual difference in pulse length and amplitude rather than an incorrect  
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gain setting, calibration, or sampling rate.  In addition, further work is necessary to 

determine the sensitivity of the pulse length and amplitude to temperature, depth, and 

salinity.  

Follow on work also needs to be conducted to determine whether the amplitude of 

the zapper signal is strong enough to be used to calibrate the AHRP arrays.   
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