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ABSTRACT 

A two pyroelectric crystal system is designed around producing a high potential to 

accelerate deuterium ions in order to achieve D-D fusion.  To achieve the highest 

possible neutron yield, the two pyroelectric crystals must be working in unison.  This 

was successfully accomplished through the use of crystal synchronization.  When the 

individual crystals emission and energy spectrum are aligned by a delay in their thermal 

profiles there is an increase in the observed energy.  In addition to crystal 

synchronization, the vacuum chamber was redesigned to limit components in the vicinity 

of the crystal.  The new features included custom designed aluminum inserts to mount 

the crystal and a glass chamber.  An average neutron yield of 3.3 x 103 (± 455) neutrons 

per thermal cycle was obtained in consecutive experiments.  The highest yield for a 

single thermal cycle was 4.6 x 103 (± 539) neutrons.  Development and implementation 

of a deuterated metal target in a two crystal system was achieved.  This work further 

contributes to two pyroelectric crystal neutron generators and can be used as a guideline 

for future experiments. 
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1 Introduction 

Pyroelectric crystals have been used as a source of radiation generation for nearly 

two decades1.  The crystal unique properties allow for a focused beam of ions or 

electrons to form2.  With the proper crystal dimensions, the potential is high enough to 

accelerate ions and induce fusion.  Depending on the target and projectile isotopes either 

charged particles, neutrons, or both are produced.  Coupled with the current generated by 

charge migration from the crystal surface the calculated theoretical fusion yield is high 

enough to be viable for commercial or defensive applications.  

 In recent years, several groups have successfully produce fusion for the purpose 

of generating neutrons3,4.  Due to the unique nuclear reactions produced by different 

isotopes, high repeatable neutron fluxes have been the desired result of pyroelectric 

fusion devices.  Several factors impact the yield and by adjusting or improving these 

factors different results are obtained.  These factors including but not limited to number 

of crystals, crystal dimensions and type, tip radius, ambient pressure, and target material.  

 

1.1 Historical Review of Pyroelectric Neutron Generators 
 

Pyroelectric crystals have been used in experiments for x-ray production dating 

back to 19921.  In 2001 it was reported that the crystals produced self focusing electron 

and ion beams at energies of 170 keV and 100 keV, respectively5.  Using only the 

potential of the crystal, energies that were achieved allowed for the possibility for fusion 

to occur.  This new understanding paved the way for development of a pyroelectric 

driven fusion source.  More importantly, the choice of target and projectile isotopes 

allowed for the creation of highly energetic ions or nearly monoenergetic neutrons6.  
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Pyroelectric neutron generators were first discussed public ly in April of 2001 at a 

meeting of the American Physical Society2,7. 

 The first reported pyroelectric D-D fusion generator was developed in April 

20053.  This system used a single lithium tantalate (LiTaO3) crystal with dimensions of 

3.0 cm diameter by 1.0 cm thick to accelerate deuterium ions into a deuterated erbium 

target (ErD2).  A maximum flux of 800 neutrons for 15 seconds was observed.  Later this 

group would develop a system that produced 1.9 x 105 neutrons during a single thermal 

cycle, currently the highest yield for D-D fusion8. 

In October 2005, a second group achieved D-D fusion using two LiTaO3 crystals 

with dimensions of 2.0 cm diameter by 1.0 cm thick4.  The target material was 

deuterated polystyrene (C8D8).  In this experiment a total yield of 1.0 x 104 neutrons 

were produced.  Later improvements from this group (replacing the target with 

deuterated polyethylene) using the two crystal system produced 5.9 x 104 neutrons per 

thermal cycle9. 

All previously mention yields have a common theme that the results were not 

reproducible.  In Jan 2009 reproducibility was reported with five consecutive thermal 

cycles yielding 9.0 x 103 neutrons from D-D fusion with a 14% standard deviation per 

thermal cycle10.  Once again C2D4 was used as a target and two small crystals were used 

to create a high potential.   

 

1.2 Motivation 
 

The purpose of this research is to use pyroelectric crystals to produce a portable, 

battery operated neutron generator.  Due to possible shielding, high energy neutrons are 

a prime candidate for investigating luggage and cargo possibly containing contraband.  
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The flux produced by the neutron generator must be high enough for detectors to 

determine if a package contains any suspicious material.  This material includes drugs 

and fissile material including highly enriched uranium (HEU) and plutonium11.  

Typically for airport screening to minimize dose, fluxes should be no greater then 1x106 

to 2x107 neutrons per second12.   

Although recent success (Reference 10) has been achieved regarding neutron 

production using a two crystal system, the yields are not equivalent to those previously 

obtained (Reference 9).  To better utilize the crystal properties several alterations to the 

conventional design were implemented.  These alterations include bette r crystal heating 

cycle, synchronization, and chamber modifications.  They were made in an attempt to 

increase the yield while consistently being able to reproduce the results.    

  Crystal synchronization is only a concern for systems requiring two or more 

crystals.  Due to different properties of various material situated on the surface of 

individual crystals the time when peak emission rates and maximum energies are 

observed differs between crystals.  Once this time difference is found they are aligned b y 

delaying the start of the crystal that begins to emit first so that the emission and 

maximum observed energies are synchronized.  

 Chamber modifications were implemented for several reasons.  One concern was 

the amount of material present inside the system, which led to out gassing that would 

affect the vacuum pumps.  Another reason was the possibility that the material present 

lead to an increase in crystal discharge.  To limit out gassing and crystal discharge, 

design and fabrication of a new chamber and crystal mount were undertaken.  In doing 
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so the goal would be to remedy the previously mentioned problems while improving 

neutron yields closer to the theoretical yield.  

 

1.3 Overview of Theory for Pyroelectric Crystals 
 

Pyroelectric crystals are a ferroelectric material with unit cells that have an 

intrinsic dipole moment.  Crystals are orientated so that the dipole moments are 

perpendicular to an axis.  The Z axis is always used in two crystal pyroelectric fusion 

and the dipole moments along the axis at the ±Z surfaces.  Due to these dipole moments, 

during heating or cooling spontaneous polarization occurs within the crystal.  For 

pyroelectric materials spontaneous polarization, Ps, is nonzero and defined as the dipole 

moment per unit volume13.  During equilibrium conditions, when the crystal experiences 

no change in temperature, free charged particles will accumulate on the surface to mask 

this charge.  

When a crystal is heated from its equilibrium state, the internal polarization 

decreases and charge migrates from the surface to compensate for this change.  If this is 

the +Z surface, the charge located on the face becomes less positive.  To compensate for 

this, positive ions are drawn towards the surface.  Upon cooling the internal polarization 

increases and the surface becomes more positive, repelling ions and attracting electrons.  

The same is true for the –Z surface during heating and cooling, except the signs are 

opposite. 

The change in spontaneous polarization is unique for each pyroelectric material 

due to their pyroelectric coefficient.   For all the neutron experiments reported at RPI the 

crystal used was a lithium tantalate (LiTaO3).  The pyroelectric coefficient, , that is 

associated with LiTaO3 is 190 C/m2-K for the operating temperatures used in these 
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experiments14.  Temperature, spontaneous polarization, and pyroelectric coefficient have 

the following relationship: 

 TPs  (1) 

In most experiments the temperature generally ranges from 293K to 393K, for a 

total change, T, of ~100 Kelvin14.  The change in spontaneous polarization is used to 

find the total charge accumulated on the crystal surface during a temperature change.  To 

determine the total charge, Q, the area where the charge is accumulated becomes a 

factor.  With a larger area, A, the greater the charge accumulation is.  

 APQ s  (2) 

The diameter of the crystals used at RPI for neutron production range from 2.0-

3.0 cm.  With a change of 100 K this corresponds to a total charge accumulation on the 

crystal surface of 3.73 x 1013 electrons (5.97 x 10-6 Coulombs) to 8.38 x 1013 electrons 

(1.34 x 10-5 Coulombs).  For a single experiment, the average current obtained can be 

estimated using: 

 
t

AT
i  (3) 

where t is the time for a single experiment.  For a 3.0 cm diameter crystal, the duration 

of experiments range from 100 to 1000 seconds yielding currents of 33.6 nA to 3.36 nA, 

respectively. 

The area of charge accumulation on the crystal surface is also important to 

understanding the potential of a system but does not play a factor in its value.  To find 

the potential, V, the crystal must be modeled as a parallel-plate capacitor and can be 

found from the following formula15: 
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C

Q
V  (4) 

For a single crystal system the capacitance is modeled as two capacitors in 

parallel.  The first capacitor being the crystal itself the second is the gap between the 

crystal and ground.  Figure 1 shows a visual representation of the parameters that affect 

the potential of a single crystal system.  

 

Figure 1 – Diagram of a single crystal system.  The charge remains neutral on the surface of the 

crystal until a change in temperature causes depolarization that accelerates charged particles 

towards the target at ground. 

 

For each capacitor the following formula is used: 

 
d

Ak
C 0

 (5) 
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where the permittivity of free space, 0, is 8.85 x 10-12 F/m.  The dielectric constant, k, is 

estimated to be 46 for LiTaO3 (k =1 for vacuum)14.  The crystal thickness and distance to 

the ground is represented by d for their respective lengths.  The potential of the single 

crystal system in vacuum can now be estimated as: 

 

)
1

(0

00

gapcrystal

crystal

gap

gap

crystal

crystal

dd

k

T

d

Ak

d

Ak

AT
V  (6) 

From equation 6 it can be seen that although area is needed to determine the charge on 

the crystal surface, it does not influence the potential created by the crystal.   

Assuming a gap thickness of 2.0 cm, the potential for a single crystal system 

using 1.0 cm thick LiTaO3 crystal is 462 keV.  The calculated potential of the single 

crystal system is much higher then the observed potential, this is due to charge leakage 

that hinders the acceleration of the particles2,3,4,16.  To adjust this value for future 

calculations it will be assumed that the 1.0 cm crystal can produce a potential of 100 

keV.  To estimate the maximum yield from a two crystal system the potential is 

considered to be equivalent to the sum produced by the individual crystals.  For 

simplicity the crystals are also equivalent in diameter and thickness for these 

estimations.   

Using deuterium as both the projectile and target nucleus for fusion there are two 

possible fusion reactions that occur17.  The first branch, “proton branch”, involves the 

production of a tritium atom and a hydrogen atom:  

 )02.3()01.1( MeVHMeVTDD  (7) 

Due to the nature of our experiment we do not measure this yield.  The second branch, 

“neutron branch”, involves the production of a helium-3 nucleus and a neutron: 
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 )45.2()82.0(3 MeVnMeVHeDD  (8) 

This is measured to determine the fusion rate produced by the crystal(s).  The following 

is used determine the fusion rate per unit distance an ion travels in material15 : 

 dxxENdxxR D )()(  (9) 

The fusion reaction rate depends on the microscopic cross section as a function of 

energy and position, (E(x)), and the number density of deuterium atom, ND.  To 

determine the microscopic cross section, data of the neutron branch from ENDF/B-VII.0 

is obtained.  Figure 2 shows the D-D fusion cross section as a function of incident 

deuterium energy. 
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Figure 2 - Fusion cross section with respect to energy for incident deuterium atom.  For a two 

crystal pyroelectric system using D-D fusion it is beneficial to have the crystal reach their 

maximum potential.  
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The change in energy for the ion per distance traveled, 
dx

xdE )(
, was found 

using the SRIM code18.  To determine the energy of the D+ ion at any depth the 

following formula is used: 

 

x

dx
dx

xdE
ExE

0

0

)(
)(  (10) 

The change in energy of the projectile depends on the material it transverse.  The target 

material is C2D4 with an estimated density18 of 0.93 g / cm3.  Figure 3 shows the energy 

as of function of distance traveled in the target.  

0 500 1000 1500 2000 2500

0

50000

100000

150000

200000

250000

0

2

4

6

8

10

0 400 800 1200 1600

0

50000

100000

150000

0

2

4

6

8

10

 

E
n
e
rg

y
 [

e
V

]

Depth [A]

 Energy

 dE/dx
 

 

 

 d
E

/d
x
 [

e
V

/A
]

 

 
(b)

(a)

Fusion Threshold

Fusion Threshold

 

 

Figure 3 – Energy and dE/dx verses depth in C2D4 for D
+
 ions with energies of 100 (a) and 200 

keV (b).  The arrow shows the cutoff energy for D-D fusion at 30 keV. 

 

With a potential of 100 and 200 keV the ions projected range is 1.54 and 2.66 m, 

respectively.  Using 30 keV as the threshold needed for fusion the thickness of C2D4 
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needed is 0.87 and 1.99 m, respectively.  Using this depth the total integral cross 

section can be obtained for this target material: 

 dxxExE

depth

0

int )()(  (11) 

For 100 and 200 keV D+ ions accelerated in a two crystal system this corresponds to 

integral cross sections of approximately 59 b-A and 324 b-A, respectively. 

The probability of fusion occurring depends on the density of deuterium atoms in 

the target material.  For C2D4 the deuterium density can be calculated using Equation 12: 

 
8

24

10

104
42

M

N
N

ADC
D  (12) 

where  is the density of C2D4 (0.93 grams per cubic centimeter), NA is Avogadro‟s 

number (0.6022 x 1024 atoms per mole), and M is the molar mass of the C2D4 molecule 

(32.078 grams per mole).  The factor of 4 comes from deuterated polyethylene having 4 

deuterium atoms per molecule.  For unit synergy, the remainder of the terms, 10-24 and 

108, are used to convert (cm3)-1 into (b-Å)-1.  The resulting deuterium density in C2D4 

was found to be 6.98 x 10-10 (b-Å)-1. 

The total amount of neutrons produced per second is determined by integrating 

Equation 9 with respect to the range of the deuterium ion in the target.  

 

Range

D xENdxxRS
0

int )()(  (13) 

Values of , ND, and int(E(x)) have already been determined in equations 3,11, and 12, 

respectively.  With a larger area the current increases and with a thicker crystal the 

potential increases.  Both of these factors contribute to the theoretical yield produced by 
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a two crystal system.  Table 1 shows the theoretical yield for various crystal dimensions 

that were used in experiments to produce neutrons.  

 

Table 4 – The impact that crystal dimensions have on the theoretical neutron yield for two 

crystal system.  The thermal cycle has a T of 100 ˚C over a span of 10 minutes.  

Radius [cm] Length [cm] Q [D+] V [keV] int(E(x)) [b-Å] Yield [n] 

1.00 1.00 3.73 x 1013 100 323 8.40 x 106 

1.50 1.00 8.38 x 1013 100 323 1.89 x 107 

 

The values obtained in table 1 assume that the crystal experiences a change of 100 

degrees over the course of 10 minutes.  Another assumption made is that all the charge 

on the +Z surface is converted to D+ ions and the entire current is incident on the target 

crystal located 2 cm away.  As mentioned before the integrated cross section is 

determined using the combined potential for two crystals, V, based on observations of 

ion energy produced by a single crystal.   

There are many areas where pyroelectric D-D fusion using a two crystal system 

can be improved.  Adjusting any one of many factors could lead to orders of magnitude 

change in the neutron yield.  Currently the highest yield for a two crystal system is 

roughly 0.6% of the previously calculated theoretical yield (two 2 cm diameter by 1 cm 

thick crystals)9.  Several adjustments have been attempted but the total neutrons per 

thermal cycle have not surpassed this result.  The work in the following sections 

illustrates an attempt to surpass the highest neutron yield using a two crystal pyroelectric 

fusion system. 
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2 Crystal Preparation and Synchronization 

2.1 Motivation 
 

As the internal polarization of a crystal changes charge buildup on the surface of 

the crystal.  The surface charge compensates for this by ionizing gas molecules close to 

the crystal surface1.  Over the course of a thermal cycle, the potential of the crystal 

builds and ions are accelerated towards or away from the crystal surface (depending on 

the crystal orientation).  In the two crystal system, the tip crystal could have conductive 

or nonconductive epoxy situated between the copper disc and crystal surface.  The 

different properties of the epoxies change the rate charge migrates.  The target crystal 

could have deuterated polyethylene deposited on the crystal surface or a metallic target 

situated by conductive epoxy.  All these materials affect the characteristics of the 

system.  Due to the different capacitance of each material, the time it takes for the charge 

to migrate on the crystal surface changes. This affects the time when the maximum 

potential is observed for each crystal.  If both crystals are exposed to the same thermal 

cycle, the time each crystal reaches its maximum potential is varied by either seconds or 

minutes.   

A two crystal system relies on the combined potential to accelerate ions and 

electrons.  For the system to achieve the highest energy possible for charged particles, 

the individual crystals need to reach their maximum potential at the same time.  The 

process of aligning multiple crystals potential is the process of synchronization.  

Synchronization of maximum emission and potential becomes an important factor for 

achieving both high current and potential between the crystal surfaces.  
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2.2 Discharge Prevention 
 

Once the crystal is mounted on the heating surface (TEC or aluminum insert) it is 

important to find the response the crystal has to a thermal profile.  The potential of the 

crystal should slowly rise to a maximum value then level off until the end of the thermal 

cycle.  To compensate for the change of internal polarization, particles near the surface 

migrate in an attempt to return the crystal to charge equilibrium19.  There is a dual 

importance to find the response of the bare crystal, the first being to observe if a crystal 

will “discharge” during the heating cycle and the second be ing the relative change in 

emission due to applying material to the surface.  Typically if the system discharges 

frequently at low potential the system cleanliness is called into question.  

2.2.1 Charge Migration along the Side 

 When a crystal undergoes discharge a significant amount of electrostatic charge 

on the crystal surface is removed.  The charge could migrate by sparking to the chamber 

walls, thermocouple wires or the second crystal.  When this happens the potential and 

current in the system drastically decreases along with the probability to yield neutrons20.  

When the temperature is quickly raised, the charge loss due to the discharge event 

greatly affects the maximum yield for that thermal cycle.  There are many factors that 

could affect discharge including charge migration down the side of the crystal, proximity 

of the crystal surface to a ground, and an abrupt change in the systems pressure20,21.  One 

of the primary factors that can be controlled is the cleanliness of the system which 

affects charge migration on the sides of the crystal.  

 The systems cleanliness is affected by several factors.  The first example deals 

with trace gases present within a system.  For D-D fusion applications the ambient 
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atmosphere within the system should be limited to D2 gas, any miscellaneous impurities 

would hinder the systems ability to produce fusion.  Residual gas could come from 

epoxies not fully curing, micro leaks near o-rings, residual gas located on the chamber 

walls, and trace amounts of metals or dust that accumulated near the crystal.  Once the 

system is placed under vacuum one method to eliminate some of these variables is by 

“out gassing”, or to heat the chamber to nearly 100 ˚C.  At a higher temperature the 

particles are slightly more energetic and less tightly bound, allowing for them to be more 

easily removed from their positions. This process of out gassing helps reduce the latent 

impurities within the system. 

 Another cleanliness factor that can be controlled is prevention of material 

accumulation on the crystals sides.  Charge migration along the sides of the crystal can 

occur when there is foreign material present or if the crystal isn‟t properly grounded22.  

For the experiments in this section, the charge from the base of the crystal is removed 

from the system, effectively grounded the crystal.  Assuming the crystal is properly 

grounded the remainder of this section focuses around charge migration along the side of 

the crystal.  If foreign material is present it promotes migration and bridges the opposite 

charges located at the surface and base of the crystal by reducing the resistance between 

them.  This happens when charge builds on the crystal surface until the potential rises to 

the point where the system discharges.  Figure 4 shows a discharge to the base of a 

crystal. 



 

15 

 

Figure 4 - Discharge to the aluminum insert near the base of the crystal.  Even with the presence 

of an electrical insulator charge migration along the side of the crystal can still occur.  

 

Through trial and error, the most affective way to prevent this was after attaching the 

crystal to the heating surface clean the base and sides of the crystal using a cleansing 

agent, alcohol or acetone.  This reduced the amount conductive epoxy on the side of the 

crystal and at the base.  The second step was to use very fine sand paper (3 m grit)  and 

remove any adhesive material that still remain on the side of the crystal.  This step, 

again, is followed by cleaning with alcohol or acetone.  The base, which is in contact 

with the TEC or aluminum flange, is then coated with an electrically nonconductive 

material.  Only a thin layer (~ 0.6 mm) of electrically nonconductive insulator i was used 

to coat the exposed base of the crystal.  At this point the bare crystal could be used to 

determine its response to heating profiles as a benchmark for calibration. 

Upon completion of the benchmark experiment to prepare the crystal for fusion 

experiments the crystal surface is typically coated in one of three substances, conductive 

epoxy, nonconductive epoxy, or deuterated polyethylene.  When working with 

                                                 

i
 Part number 10-4702, GC Electronics <http://gcelectronics.com> (May 21, 2010). 

http://gcelectronics.com/
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conductive ii and nonconductive iii epoxy the procedure to clean the system is fairly 

similar.  The adhesive epoxy is sandwiched between the surface of the crystal and metal 

disc (copper for the tip crystal or deuterated metal for the target crystal).  After the disc 

is properly situated onto the crystal, the sides of the crystal are sanded then cleaned 

again.  It is important to note that both acetone and alcohol can be used to dissolve 

conductive epoxy (GC Electronics part number 10-4702) and the nonconductive 

insulator located at the base.  The area that is cleaned will not affect nonconductive 

epoxy (JB Weld part number 8265-S) which does not dissolve when in contact with 

acetone or alcohol.  Once each crystal has its respective material on the surface a 

reevaluation of emission and potential is preformed.  

 One possible indication of contamination is to observe the maximum x-ray 

energy and emission.  There is a typical “saw tooth” emission pattern observed for a 

crystal that frequently discharges during a single thermal cycle.  In this case, the 

observed current and potential remains low.  If there is one discharge per heating cycle 

typically there is a high x-ray yield and potential associated within the system.  Although 

any discharge in the system is undesirable event this problem is again reevaluated during 

crystal synchronization.  It has been observed that when two crystals are in 

synchronization the single crystal discharge event could remedy itself.  

2.2.2 Surface Nonuniformity 

Beyond charge migration along the sides of the crystal another reason for 

discharges is lack of surface uniformity.  One of the characteristics of the lithium 

tantalate crystals used is the surface polishing finish.  The surface condition of the 

                                                 

ii
 Part number 19-2092, GC Electronics <http://gcelectronics.com> (May 21, 2010). 

iii
 Part number 8265-S, JB Weld Company, <http://jbweld.net/products/jbweld.php> (May 21, 2010). 

http://gcelectronics.com/
http://jbweld.net/products/jbweld.php
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crystals comes in one of two forms, polished and unpolished.  Surface mapping of an 

unpolished crystal was obtained to show how this affected the deposition of tungsten 

rods and their fluctuation in height onto the crystal surface from sputtering23.  When 

applying epoxy to the crystal face, it is assumed that the amount of material deposited is 

greater then the divots located on the crystal surface.  Although the required thickness of 

the deuterated polyethylene was found to be on the order of five microns, this is 

significantly larger then the ~1 micron deviation found along a crystal surface24.  Due to 

the surface coating used in the experimental setup of a majority of prior experiments 

conducted at RPI and this research (for neutron production), the difference between the 

two surface conditions is assumed to be negligible. 

The material that presents the greatest deviation in height is the copper disc used 

to hold the tip on the crystal.  The copper metal is typically polished, by hand, using 

sandpaper.  After a set amount of polishing the grain size is reduced until the use of 3 

microns sandpaper.  Even with this fine sanding, there typically remain several divots 

and crevices that could not be removed (these crevices could prevent the charge from 

being distributed uniformly).  When the potential in the system would build these 

imperfections would have different localized potentials, improving the charge migration 

to ground, effectively discharging the crystal.  Although currently there was no attempt 

to remedy this effect it is believed to be a minor one. 

 

2.3 Crystal Synchronization 
 

Once the crystals are properly mounted on the thermoelectric heater the time 

when emission is observed and when the crystal reaches its maximum potential should 

be found.  As suggested previously it is also important to check if discharges occur.  The 
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factors which affect the charge migration and potential of the system is the change in 

temperature that the crystal experiences.  Equation 3 shows that for a given heating rate, 

the total charge accumulated for a given T does not depend on heating time.  In 

experiments, due to the rate at which the crystal experiences a change in temperature, the 

charge buildup varies.  Due to conduction through the crystal this is further affected if 

the system is designed to function on heating or cooling.  Although the charge buildup 

changes for a given setup or thermal profile the method for crystal synchronization 

remains constant.  

2.3.1 Bare Crystal Response 

The main purpose for examining the emission and potential of a bare crystal is to 

verify that the system behaves as predicted.  X-rays are used to gather information about 

the ion current and potential of the system.  Nearly all x-rays are produced through 

electron bremsstrahlung interactions and while the x-rays can be produced by ions it is 

negligible25.  When the epoxy used to attach the crystal to the base of the crystal is not 

distributed uniformly the crystals heating rate changes.  This in turn affects the current 

and potential observed. 

An optimal setup to observe a bare crystals response is to have the crystal 

situated in parallel with a high Z material.  In our experiment tantalum foil is used.   This 

material has two benefits, improving the production of x-rays and using characteristic x-

rays to calibrate the detector26.  Located beyond the tantalum is a metallic flange that has 

beryllium window located at the center.  Beryllium, a light element, is virtually 

transparent to the x-rays and the window is sufficiently thin to further prevent 

attenuation. This setup is located under high vacuum (~10-6 mbar) to limit the amount of 
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air molecules from accumulating on the crystal surface.  Outside of vacuum, in parallel, 

the detector is used to record both count rate and energy.    Figure 5 shows the response 

of a bare (target) crystal, on heating.  

0 200 400 600 800

10

100

1000

10000

20

40

60

80

100

120

    End of 

thermal cycle

E
n
e
rg

y
 [

k
e
V

] 
a
n
d
 T

e
m

p
e
ra

tu
re

 [
o
C

]

 

 

C
o
u
n
ts

 p
e
r 

S
e
c
o
n
d

Time [seconds]

 X-Ray Counts

 X-Ray Energy

 Temperature

Figure 5 – Using a crystal with a bare surface accelerating electrons at a tantalum foil target, the 

x-ray count rate, energy, and crystal temperature are plotted against time. Throughout the entire 

thermal cycle no discharge was observed. 

 

 As shown in figure 5 during the entire heating cycle, the crystal does not 

experience discharge, at the end of the heating cycle the crystal experiences a change in 

polarization and the charge decreases rapidly.  The twelve minute thermal cycle that was 

selected for this experiment is the maximum linear rate the system could be heated.  At 

quicker heating rates, the temperature gradient of the TEC would not be linear, 

decreasing the ability to reproduce a temperature profile.  An additional experiment was 

conducted with a thermal cycle of fifteen minutes and no discharge was observed.  The 
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crystal is usually tested with several varying thermal cycles to evaluate current and the 

maximum potential.  Once an optimal configuration is decided upon, the second crystal 

can then be evaluated with the same heating profile, eliminating excess evaluation and 

allowing for quick comparison of emission profiles.  

At this point the deuterated target can be applied to the surface of the crystal.  

Once deuterated polyethylene is applied to the surface of the crystal there is a significant 

change in emission profile and maximum observed energy.  Although the crystal 

response changes, any observed discharges can signify an initial problem with the 

system, allowing corrections to be made prior to spending time and applying materials to 

the crystal surface. 

2.3.2 Coated Crystal Response 

After the application of target or tip material the crystals response typically 

changes.  Small variations mentioned before could cause a dramatic increase in the 

number of discharges observed.  If these events occur too frequently, the probability to 

achieve high potentials and yield neutrons decreases drastically.  At this point the system 

typically needs to be taken apart, cleaned, and reassembled from the beginning.  Figure 6 

shows the response of the same target crystal after a layer of deuterated polyethylene is 

added to the surface of the crystal.   
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Figure 6 - The response from a coated target crystal is significantly less than the bare crystal.  

Time t = 0 represents the start of the heating profile. 

 

Using t = 0 as the beginning of the heating profile, the beginning of x-ray 

emission occurs roughly 50 seconds further in the thermal cycle when a thin layer of 

deuterated polyethylene is applied to the crystal surface when compared with the bare 

crystal emission profile shown in figure 5.  This shows that with the addition of this 

layer, the beginning of emission is delayed.  This shift for crystal emission is the bases 

for the need for crystal synchronization.  

Another observation of the coated crystal response is that the discharge on the 

coated crystal occurs at roughly the same time during the thermal cycle as the maximum 

observed energy of a bare crystal.  After the discharge, x-ray production is observed 

again but quickly diminishes.  This result can also be compared with the bare crystal 

with the decrease in emission after the peak is observed.  The addition of a new coating 
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of deuterated polyethylene also hinders the x-ray emission and peak energy observed.  

Similar phenomenon is observed from other groups using deuterated plastic deposited on 

the crystal surface27.  Base on these results the new layer of deuterated polyethylene 

effectively causes a delay in emission, maximum emission from the crystal surface, and 

potential within the system. 

  Although the deposited layer of C2D4 is thin and the resistance of polyethylene 

decreases with an increase in temperature, the resistance still remains high enough to 

hinder emission28.  Over the course of many experiments, the layer of deuterated plastic 

target experiences deterioration.  This is explained in greater detail in Reference 23.  

When the coated plastic target beings to deteriorate, an increase in emission and 

maximum energy is observed. 

Unlike the target crystal, the tip crystals response does not change greatly when 

the copper disc is situated on the surface with epoxy.  This holds true for conductive 

epoxy used in the experiments.  The main concern regarding application of material onto 

the tip crystal is whether this will promote an increase in discharge events.  The copper 

disc is sanded and polished prior to being placed onto the crystal.  Although both sides 

of the copper disc are sanded, only the exposed surface is polished.  After the epoxy 

between the copper disc and crystal has cured, the tungsten nanotip is placed in the 

center of the copper disc using conductive epoxy.  

2.3.3 Emission and Energy Alignment 

The main purpose for finding the emission rate and maximum energy during an 

individual crystals thermal cycle is for two crystal synchronization.  The purpose is to 

achieve the maximum potential between the crystals, improving the probability of 
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fusion.  The alignment procedure can be conducted on both heating and cooling.  As a 

figure of merit, this was first conducted in the generation I chamber on cooling.  The two 

crystals used in the experiments were 3.0 cm in diameter by 1.0 cm thick.  To limit 

factors that could attribute to different emission rates, the pressure within the system was 

kept constant and the temperature profiles used for the automated controllers were 

exactly the same.  This ensures that each crystal would experience the same change in 

temperature during a thermal cycle.  The emission for both a coated target and tip crystal 

were observed individually. Each crystal has a unique emission rate and potential 

buildup for a given thermal cycle.  When the crystals are aligned the goal is to produce a 

potential within the system equivalent to the sum of the individual crystals.  
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Figure 7 - Target crystal response for thermal profile.  Crystal was designed to attract ions on 

cooling. 
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   Figure 7 shows the thermal profile, x-ray emission and temperature profile for 

a target crystal during cooling.  No emission or discharge is observed during the cooling 

cycle.  The charge on the crystal surface builds to a high potential for a single crystal 

where upon at the end of the thermal cycle the crystal discharges.  Discharge does not 

occur at the end of every thermal cycle but it is frequently observed when the crystal is 

mounted directly to the TEC.  Due to the lack of control over the heating or cooling of 

the crystal at this point, the probability to repeat any results obtained becomes incredibly 

difficult.  Therefore it is assumed that any event that occurs once the thermal cycle is 

complete will not be used for synchronization, emission spectrum, maximum potential, 

and neutron yields. 
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Figure 8 – Tip crystal response for thermal profile.  Crystal was designed to attract electrons on 

cooling.   
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  Figure 8 shows the thermal profile, x-ray emission and temperature profile for a 

fully assembled tip crystal on cooling.  Only one discharge is observed during the 

cooling profile.  Before the discharge occurs, the potential of the crystal continues to 

increase.  Right before discharge occurs there is an increase in the number of observed 

x-rays.  This is believed to occur when a significant amount of charge on the crystal 

surface is displaced.  When this happens there is an increase in the number of x-rays.  

This usually leaves an unstable charge balance on the crystal surface which then leads to 

the system fully or partially discharging.  

Once the responses from both crystals are observed, the difference between the 

times when maximum potential is reached is found.  In these experiments the target 

crystal experiences a potential of 100.0 keV at 1541 seconds.  The tip crystal was 

observed to have a potential of 78.0 keV at 1471 seconds.  The difference between each 

crystals maximum potential is 70 seconds.  To adjust for this difference the target crystal 

is started prior to the tip crystal by 74 seconds (the additional four seconds comes from 

the difference between ramp times for the two cycles, this is discussed in further detail in 

chapter 3).   
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Figure 9 – Synchronized crystal experiment.  The combined crystal potential within the system 

was comparable to the sum of the individual crystals summed together. 

 

The temperature profile that is shown in figure 9 represents that of the target 

crystal.  During the thermal cycle the potential within the system reaches 176 keV.  The 

sum of the measured potentials for the single crystals was 178 keV.  Comparing these 

values, nearly 99% of the summed potential is obtained when two crystals are 

synchronized.   

The final proof of concept was conducted by finding the effects of deviating from 

the optimal delayed time between crystals.   The optimal time would be obtained in the 

same manner that was previously described except this concept was tested using the 

current and potential obtained from a heating profile.  Changing the system would have 

two effects, to show that synchronization can be done on heating or cooling and show 

effects of non-synchronized experiments.   For this system, the potential of the target and 
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tip crystal was found to be 71.6 keV and 87.8 keV, respectively.  The expected summed 

potential within the system is expected to be 159.4 keV.  The difference between peak 

potential was found to be eighty seconds.  This corresponded to delaying the thermal 

cycle for the target crystal by eighty seconds.  Limiting the factors that could affect the 

potential of the system, the only factor that was adjusted is the time between the 

initiations of the target crystal thermal cycle.  This deviation from the two synchronized 

potential is represented in figure 10 by Time. 
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Figure 10 - Deviation from optimal time.  As the deviation from the synchronized time increases, 

the potential of the system decreases. 

 

The results from figure 10 show that when there is a deviation from the optimal 

delayed time between thermal cycles the potential decreases.  At the opt imal time, 
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91.7% of the summed potential is reached.  Prior to the synchronization time, the target 

crystal reaches its full potential even though the tip crystal has not.  When the tip crystal 

does reach its maximum potential of the target crystals potential would be declining.  

The same effect occurs when the target crystal reaches its full potential after the tip 

crystal.  The target crystal reaches its maximum potential during the decline of potential 

of the tip crystal.  For both a delay and accelerated start to the target crystals thermal 

cycle there is a reduction of potential within the system.  

 

2.4 Summary 
 

When proceeding with a new experiment the importance of finding the response 

of both a bare and coated crystal is critical.  The bare crystal response shows any 

potential discharges that could affect the emission and potential achieved by a single 

crystal.  The more infrequent discharge events are the ability to reproduce results 

increases.  The coated crystal response, whether target or tip crystal, indicated when 

during the thermal cycle it reaches its full potential.   

Finding each crystal the individual response is important to determine the 

difference in time is needed to find an optimal delayed starting time for one of the 

crystals thermal cycle.  This delay in starting time effectively synchronizes the potentials 

of the crystals.  The need to synchronize crystal emission rates is important to achieve a 

high potential within the system.  When the crystals are not properly aligned it was 

observed that there was a decrease in the potential within the system.  Without the high 

potential the probability to produce D-D fusion decreases. 
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3 Neutron Production in the Generation I Chamber 

3.1 Introduction to Generation I Chamber 
 

The first set of experiments used the generation I chamber.  This system is 

defined as generation I (GEN I) because it was the first two crystal system at RPI to 

produce neutrons4,9.  Subsequent chambers have since been assembled and tested with a 

variety of changes implemented in an attempt to increase the neutron yield10.  Unlike 

recent experimental systems, the amount of volume occupied within this chamber allows 

for a greater variety of experimental setups.  Several concepts related to this thesis were 

initially tested using this system including crystal synchronization on heating and 

cooling.  To limit the factors that affect neutron yield the pressure for all neutron 

experiments was in the range of 1 – 10 mbar and the distance between the surfaces of the 

crystals was ~ 4 cm. 

 

3.2 Mounted Crystal Setup 
 

 When the crystal is directly mounted onto the thermal electric cooler (TEC) 

several preliminary steps are needed.  A single piece of copper tape is used to cover both 

sides of the TEC (without touching the wires used for power).  The copper tape must lay 

flat on the TEC because any gaps would cause air pockets to form that would be 

ineffective at heating the crystal uniformly.  The copper tape initially covers both sides 

of the TEC to collect charge from the crystal and transfer it to gro und.  The crystal is 

mounted on the copper covering the TEC using conductive epoxy (GC Electronics Part 

number 19-2092) that is evenly distributed on one of the Z faces.  Once the epoxy has 
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cured, the copper tape that is not directly located under the crystal is removed except for 

a thin strip that acts as a bridge to ground on the back side of the TEC.   

Administering material for either the target or tip crystal typically depends on its 

role in the system.  The current method of applying C2D4 typically requires further 

cleaning of the crystal sides.  This is easier to accomplish when the crystal is not 

mounted on the TEC.  The tip crystal requires a copper disc and tungsten nanotip to be 

administered in a two step process.  Typically this is done after the crystal has been 

mounted to prevent damage to the nanotip. Conductive (GC Electronics Part number 19-

2092) or nonconductive epoxy (JB Weld) is used to attach a pre-polished copper disc to 

the exposed face of the crystal.  Both epoxies need twenty four hours to cure.  A single 

tungsten nanotip is placed in the center of the copper disc using conductive epoxy.     

 

3.3 Generation I Setup 
 

 The GEN I chamber is cylindrical in dimension with an inner radius of 7.5 cm 

and height of 16 cm.  The total internal volume is greater then 2600 cm3 prior to any 

material placed within the system.  Initially, the crystal mounts were situated in parallel 

on a solid copper block using Teflon screws.  This block was placed in the center of the 

chamber with the use of a specially designed metal cooling tube to remove latent heat.  

Current experiments do not use this copper block due to thermal inefficiencies in cooling 

the crystal after several experiments20.  

The crystal mounts are instead situated on custom designed copper hats.  The 

copper hats were developed as a removable part so that fresh crystal mounts can be 

introduced into the system with little down time.  The hats fit on feed through tubes that 

remove the heat through conduction of thermally conductive lubricant.  Heat is removed 
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from the feed through tube through the use of a 50-50 water-antifreeze mixture.  The 

temperature of the coolant is controlled by thermoelectric controller in conjunction with 

heat sinks and pumps.  This is explained in greater detail in Reference 29. 

The GEN I chamber has seven ports located on its side.  Five of the ports are 40 

mm in diameter, NW 40, and two are 16 mm in diameter, NW 16.  Figure 11 shows a 

top down view with the ports are labeled 1-7 starting from the NW 40 port perpendicular 

to the mounting brackets located inside the chamber by the 90 degree gap.  X-ray 

measurements are taken through port 1 or 5, feedback and power input is provided 

through port 2, and the pressure gauge is located at port 6.  The feed through tubes are 

located in ports 3 and 7.   Port 4 is used to introduce deuterium into the system.  Port 5 

has a variety of uses including use of convection gauge, Pyrex window for viewing 

crystal alignment, x-ray measurement or recording plasma peaks and crystal discharges 

using a camera. 
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Figure 11 - Top down view of GEN I chamber.  Although the many ports allow flexibility when 

using this system their role for crystal synchronization on heating and cooling thermal cycles did 

not change.  

 

3.3.1 Neutron production on Cooling 

For a two crystal system to produce neutrons on cooling both crystals must be 

heated above room temperature.  Most of the experiments reported a change of ~100 ˚C 

in the crystal temperature.  This involves a controller using a specific heating rate 

scheduled to have the TEC reach 120 ˚C.  The large T allows for the crystal to 

experience a significant amount of depolarization.  Once the TEC‟s have reached the 

desired temperature, they are programmed to “soak” the crystal.  The process of soaking 

a crystal keeps the crystal at a desired temperature for a set amount of time.  After the 

soak time is complete the crystal is cooled to a set temperature using a preprogrammed 



 

33 

cooling profile.  The power (and heat) provided to the TEC decreases gradually until 

latent heat stored in the crystal impacts the linear profile.  At this time the power 

provided to the TEC is reversed and the TEC becomes a cold acting like a heat sink 

removing heat from the crystal.  Once the program has reached its desired temperature 

the power provided to the TEC is halted.  The crystal then returns to its initial 

temperature through convection and conduction.  The controllers are explained in greater 

detail in Reference 30. 

3.3.2 Impact of Thermal Processes 

 The significance of producing neutrons on cooling is found from the processes 

which affect the cooling rate of the crystals.  When the crystal cools it experiences heat 

losses through three mechanisms.  Convection, Qconv, involves heat transfer from the 

crystal to the deuterium molecules within the system. Conduction, Qcond, impacts the 

crystal through the process of heat transfer through the crystal to or from the TEC.  

Thermal radiation, Qrad, is emitted from the crystal to its surrounds that are at a lower 

temperature.   To demonstrate the impact each of these processes has on the crystal when 

it begins to cool the only temperature that is considered for the crystal is its set soaking 

temperature, 120 ˚C.  At any temperature the sum of these three factors impact the total 

power, QTot, delivered to or removed from the crystal.  

 radcondconvTot QQQQ  (14) 

  The first heat transfer process which is examined is convection which operates 

by two processes, forced and natural.  Since the gas is not stagnant in the system due to 

the vacuum pumps, natural convection is assumed to be negligible.  Heat transfer for 

forced convection is defined as: 
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 TAhQconv  (15) 

h is the heat transfer coefficient, A is the area of the crystal, and T is the difference in 

temperature between the crystal and the deuterium gas.  For all T the difference is 

assumed to be 100 ˚C.  The area of the crystal exposed to the gas is 16.5 cm2.  To 

determine the heat transfer coefficient31: 

  
L

k
Lv

L

k

L

kNu
h LL

3/1

2/1

3/12/1
Pr664.0

)PrRe664.0(
 (16) 

 where L is the length of the crystal (3 cm), v is the velocity of the gas (estimated to be  

7.66 cm / s for a fully opened valve32),  is the density of the deuterium gas (4.93 x 10-7 

g / cm3),  is the viscosity of deuterium (1.09 x 10-4 g / cm-s), k is the thermal 

conductivity of deuterium gas (2.24 x 10-3 W / cm-˚C), and Pr is the Prandtl number 

(0.7).  The parameters that are affected by pressure and temperature were taken at 4 

mbar at 120 ˚C and obtained using EES software33.  The maximum value of the heat 

transfer coefficient was found to be 1.42 x 10-4 W / cm2-˚C, and total power transferred 

by forced convection at 120 ˚C is 0.23 W.  

Radiation heat transfer, Qrad, is greatly dependent on the temperature of the two 

surfaces that heat is transferred between31.  The equation for radiation heat transfer is: 

 )( 44

sursrad TTAQ  (17) 

where A  is the area emitting the thermal radiation (16.5 cm2),  is the emissivity (surface 

property estimated to be 0.6),  is the Stefan-Boltzmann constant (5.67 x 10-12 W / cm2-

K4), and Ts and Tsur
 is the absolute surface and surrounding temperature (393 and 293) in 



 

35 

Kelvin, respectively.  Substituting in these values the total power loss at 120 ˚C due to 

radiation is estimated to be 0.93 W. 

 The most dominate form of heat transfer in all pyroelectric systems is 

conduction.  When the controller ends a crystals soaking period, the amount of power 

provided to the TEC slowly decreases so that the cooling profile is linear.  Because 

latent heat still remains within the crystal that is not removed through convection or 

radiation the controllers reverse the voltage sent to the TEC.  This changes the TEC‟s 

behavior from heating to cooling.  The affect this has on the system is a linear cooling 

profile until a designated temperature, after which the crystal returns to its initial 

temperature.  To show the significance of conduction and how this affects a controlled 

ramp down, the crystal is assumed to cool naturally (0 power to TEC).  The equation for 

the amount of power needed to cause a change in temperature of 100 ˚C is: 

 
L

TAk
Qcond  (18) 

k is the thermal conductivity of LiTaO3 (4.6 x 10-2 W / cm)34, A is the area of heat 

transfer (7.1 cm2), L is the thickness of the crystal (1.0 cm), and T is the difference in 

temperature (100 ˚C).  The maximum power transferred by conduction is 32.5 W.  This 

value is overestimated due to losses through the TEC and copper hat but the significance 

of this value shows the dominance of conduction compared to radiation and convection 

at high temperature.  The conduction term remains dominate at lower temperatures as 

well.  Since conduction is the dominate term the power needed for the crystal to 

experience a change in temperature of 100 ˚C is found from31: 
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where cp is the specific heat of the LiTaO3 crystal (~109 J / mol- ˚C at room 

temperature), V is the volume of the 3.0 cm diameter by 1.0 cm thick crystal (7.07 cm3), 

M is the molar mass of LiTaO3 (236 g / mol),  is the density of LiTaO3 (7.46 g / cm3), 

and t is time in seconds for a thermal cycle35,36.  The total energy needed to change the 

crystals temperature by 100 ˚C is ~2436 joules, or 4.06 watts for a 10 minute thermal 

cycle.  

3.3.3 Calculation of the Neutron Yield 

 To determine the total source yield, S, during a thermal cycle based on observed 

counts the following formula is used37: 

  
ipip

BCN
S

4)(4
 (20) 

where C is the total number of neutrons detected, B is the background counts, ip is the 

detectors intrinsic efficiency,  is the solid angle (in steradians) between the detector 

and the source.  The neutron detector used for all experiments is a 5” by 3” proton recoil 

detector.  It was previously determined that its efficiency was 32 (± 2) % for 2.45 MeV 

mono-energetic neutrons emitted from D-D fusion38.  The detector is explained further in 

Reference 38.  To solve for  neutrons are assumed to be emitting from a point source 

located at the center of the target crystal.  

 
22

12

ad

d
 (21) 

The distance to the detector, d, and detector radius, a (12.7 cm), influence the solid 

angle.  The closer the detector is to the source the greater the solid angle becomes and 
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for all experiments the detector is located as close as possible (the distance the detector 

is from the source changes when different chambers are used).  

 To determine the error associated with neutron yie lds the following formula is 

used: 
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where 2
C is the error in the total counts, 2

B are the error associated with the 

background counts, and 2  is error associated with the detector efficiency.  After 

solving the partial differential equation the equation for the error associated with neutron 

yield becomes: 
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All neutron results and errors associated with them are found using this method.  

 The last step is to consider the yield due to anisotropic neutron emission 

occurring from D-D fusion.  The detectors position impacts the total number of neutrons 

incident on the detectors surface.  For all experiments the position of the detector with 

respect to the source is 
2

 radians.  From previous work it was determined that the total 

number of neutrons produced is factor of 1.267 greater for 100 keV incident D+ ions37. 

 

3.4 Results on Cooling 
 

 The thermal profile for producing neutrons on cooling differs from that on 

heating in several ways.  Caution must be taken with respect to the amount of power 

provided to the crystal during heating.  Doing so will minimize the thermal stress applied 
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to the crystal preventing it from physically breaking.  Even when heating rapidly this 

does not accurately reflect the average temperature of the crystal.  The temperature that 

is recorded is the TEC surface temperature and crystal base temperature, the surface of 

the crystal experiences a delay for heat migration.  This leads to having to soak the 

crystal at a constant temperature for several minutes to ensure the surface of the crystal 

has reached charge equilibrium.  Previous work has shown that a soak time needed after 

a 10 minute ramp is roughly 500 seconds20.  Once temperature equilibrium is reached the 

cooling cycle begins and power is slowly reduced using controllers to provide a linear 

cooling profile. 

 Although it was previously reported that two crystals produced high x-ray energy 

when the emission and potentials were aligned, there was only one successful neutron 

yielding experiment when both crystals are cooled  linearly using a controller.  This 

involved two 3.0 cm diameter by 1.0 cm thick crystals that experienced thermal cycles 

that raised both crystals to 120 ˚C from room temperature in 5 minutes.  Once the 

crystals reached 120 ˚C the controller soaked them for an additional 5 minutes before the 

cooling cycle began.  Each crystal cooled to 30 ˚C over 8 minutes.  The yield from this 

experiment was 1.8 x 103 (± 354) neutrons. 

 In an attempt to reproduce previous repeatable results the cooling profile of the 

target crystal was changed from a controlled linear profile to natural cooling10,39.  This 

resulted in the highest yield for a cooling thermal cycle using large crystals.  The yield 

for this thermal cycle was 3.0 x 103 (± 420) neutrons.  This was achieved by heating both 

crystals to 120 ˚C over the course of 5 minutes.  When the crystals reached 120 ˚C they 

remained at this temperature for an additional 5 minutes.  Once the soak time was 
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complete the tip crystal experienced a 6 minute linear cooling profile to 30 ˚C.  The 

target crystal was allowed to cool naturally.  The tip was initiated prior to the target 

crystal because it was determined that the delay between peak emission rates and 

observed potential was 90 seconds.  Unlike the yields obtained in Reference 10, using 

this thermal cycle resulted in a lower neutron yield that was not reproducible.  

 The only results that could be obtained consistently on cooling using the large 

crystals in the GEN I chamber involved increasing the linear cooling profile from 6 to 8 

minutes.  The target crystal still was cooled naturally.  The temperature profile for the tip 

crystal was initiated 180 seconds prior to the target crystals thermal profile.  The average 

number of neutrons produced during these runs was 2.1 x 103 (± 354) with a standard 

deviation of 13.6%.  Figure 12 shows the consistent results for the GEN I chamber 

during cooling. 
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Figure 12 - Neutron yield and X-ray energy production on cooling (13.6% standard deviation).  
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The tip crystal started 180 seconds prior to the target crystal.  Consistant energy and neutron 

yield was produced but neutron yields were low compared to previously obtained results
9,10

. 

 

 The yields that were obtained were four times less then the reproducible yields in 

Reference 10.  For these experiments the highest result obtained on cooling is 18 times 

smaller then the highest reported yield using a two crystal system9.  Due to the low 

neutron yield on cooling using large crystals in the GEN I chamber investigation of 

neutron production on heating was implemented.  

 

 

 

Table 5 - Experimental results obtained from heating two 3 cm diameter by 1 cm thick crystals 

in the generation I chamber.  The neutron yield and error were determined using the background 

and counting times for the individual experiments. 

Run Counting 

Time [s] 

Measured 

Counts 

Background Conversion 

Factor 

Yield [n] Emax [keV] 

1 498 148 47 14.9 2204 ± 366 153.4 

2 458 155 43 15.8 2444 ± 373 156.6 

3 523 129 49 13.5 1746 ± 340 151.9 

4 381 134 36 16.0 2139 ± 338 156.9 

 

 

3.5 Neutron Production on Heating 
 

Due to the poor results using the large crystals in the GEN I chamber the process 

to produce neutrons was changed from a cooling cycle to a heating cycle.  There are 

several benefits to producing neutrons on heating including less power consumption and 

an automatic shutdown feature.  Less power is used by the system as a whole because 

neutrons would be produced during the initial temperature ramp, eliminating the soak 
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period and controlled cooling profile.  This would be beneficial if the system was made 

into a portable device that required the use of batteries.  A greater benefit comes from 

the automatic shutdown feature associated with the thermal cycle on heating.  While the 

crystal is heating, ions are accelerated towards the target to produce neutrons.  Unlike a 

cooling cycle where ions are accelerated towards the target crystal with or without power 

being provided to the TEC, a heating cycle requires power to the TEC to accelerate ions 

towards the target.  Once the power to the TEC ceases the current incident on the crystal 

surface decreases rapidly.  The target crystal then begins accelerate ions away from its 

surface, preventing neutron production. 

One drawback when working with a heating thermal cycle is losses due to 

radiation, convection, and the time delay for heat to propagate through the crystal.  

Although conduction is the dominate process heat is transferred by, at high temperatures  

the losses from radiation could affect the current projected from the crystal surface.  This 

would limit the maximum neutron yield for a given T.  In addition, the delay of heat 

transfer through the crystal would limit the maximum change in temperature the surface 

experiences.  One method to account for this factor is to heat the crystals over a longer 

period of time, limiting the difference between the base and surface of the crystal.  

3.5.1 Heating Profile 

To increase the charge accumulation, the crystal must experience a greater 

change in temperature.  For the cooling profile the T ranged from its soak value to 30 

˚C.  The crystal returned to its initial temperature without controllers afterwards.  All 

together this was a change of roughly 100 ˚C.  The heating profile begins by decreasing 

the crystals temperature to 15 ˚C and having the crystals soak at this new temperature for 
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several minutes.  This is to ensure the crystal returns to equilibrium before the heating 

profile begins.  The soak time for an individual crystal can also be extended or 

contracted to help synchronize a two crystal system.  Because the crystal starts at a lower 

temperature there is a larger charge accumulation associated with it by the end of the 

cycle.  Figure 13 shows the differences between thermal cycles for neutron production 

on heating and cooling in the GEN I system. 
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Figure 13 – Temperature profile for heating and cooling cycles.  Under damped response from 

the controller occurs when the temperature profile changes causing the TEC to undergo power 

fluctuations affecting the temperature of the crystal. 

 

 The temperature profile is obtained from the controllers‟ response of the 

thermocouples every second.  From the two profiles shown in figure 13, x-ray and 

neutron data acquisition begins at the end of the soak period.  The temperature profile 
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for cooling is set for 5 minutes and x-ray and neutron production is recorded during this 

period.  The temperature profile for heating is set to 10 minutes.  At the beginning of 

soak for both thermal cycles, there is an under damped feedback response from the 

controller.  This causes the power delivered to the TEC to vary rapidly usually resulting 

in crystal discharge.  This response also occurs at the end of the soak cycle but the effect 

is not as severe.   

 At the end of the thermal cycle for the heating profile the temperature instantly 

drops.  This is due to conduction through the TEC to the heat sink.  Typically when the 

cooling profile finishes there is latent heat within the crystal.  Because the temperature is 

recorded on the edge of the TEC, after the temperature reaches is set value the power 

supplied to the TEC is halted.  At this time latent heat from the crystal would causes a 

rise in temperature.  This is represented in the small nonlinear heat fluctuation at the end 

of the cooling thermal cycle.  

3.5.2 Results on Heating 

Unlike the cooling cycle, which produced inconsistent results with several 

cooling profiles, the heating profile remained consistent for both the target and tip 

crystal throughout all the neutron experiments.  Both crystals experience a linear thermal 

profile to 120 ˚C after a short period of cooling and soaking.  The greatest neutron yield 

was 3.5 x 103 (± 488) neutrons for a single thermal cycle.  This yield was slightly larger 

then the highest yield produced on cooling.  The average neutron yield, 2.3 x 103 (± 414) 

neutrons per thermal cycle, was greater as well.  Figure 14 shows the results obtained 

from heating in the GEN I chamber.  
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Figure 14 – Neutron and x-ray production from heating (27.2% standard deviation).  Lower 

energies reported as the result of the detector becoming saturated due to a high count rate.  The 

large standard deviation is due to the inclusion of the most successful experiment. 

 

 Although the neutron yields were still not on par with previous two crystal 

systems4,9,10, the improvement in yield from cooling to heating using two 3.0 cm 

diameter by 1.0 cm thick crystals suggested that future experiments should be conducted 

on heating.  The next step is to improve the neutron yield per thermal cycle while using a 

heating profile and crystal synchronization to improve the yield.  A new system was 

designed and developed to improve neutron yields by situating the crystals closer to each 

other, limiting components within the vacuum, and decreasing chamber volume to allow 

an increase in ambient pressure. 
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Table 6 – Experimental results obtained from heating two 3 cm diameter by 1 cm thick crystals 

in the generation I chamber.  The neutron yield and error were determined using the background 

and counting times for the individual experiments. 

Run Counting 

Time [s] 

Measured 

Counts 

Background Conversion 

Factor 

Yield [n] Emax [keV] 

1 709 156 67 12.4 1942 ± 389 99.1 

2 771 165 73 12.2 2008 ± 405 109.3 

3 708 229 67 15.4 3535 ± 488 98.1 

4 630 172 60 14.2 2444 ± 407 104.9 

5 706 162 67 12.8 2073 ± 397 101.8 

6 714 176 67 13.5 2379 ± 416 104.6 

7 712 196 67 14.4 2815 ± 444 104.3 

 

3.6 X-Ray Spikes 
 
 X-ray spikes occurred for both the heating and cooling cycles.  These events 

would coincide with an increase in x-ray counts and energy, sometimes increasing 

neutron production.  To date this situation has been unique to the two crystal neutron 

system at RPI using CD2 as a target material.  Although they produce a greater amount 

of neutrons during a relatively short time these events are not reproducible.  Another 

possible effect of an x-ray spike is crystal discharge, an undesired event.  Figure 15 

shows an x-ray spike that occurred during a cooling cycle to produce 3.0 x 103 neutrons 

in the GEN I chamber. 
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Figure 15 – Plasma peak produced during cooling.  The moment of increased x-ray counts 

coincides with an increase in neutron production (a) and x-ray energy (b). 

 

 Although thermal profiles generation III chambers do result in an occasional x-

ray spikes the magnitude of neutrons produced during these events is far less.  Since the 

x-ray spikes can not be controlled, predicted, or produced when desired the experimental 

setups are designed around producing neutron yields when a high current of incident D+ 

impacts a deuterated target.  
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4 Neutron Production in the Generation III Chambers 

The main purpose for revising the two crystal chamber was to improve neutron 

yields.  From work presented in the preceding section it was shown that two 3 cm 

diameter by 1 cm thick LiTaO3 crystals when used with a heating profile for neutron 

production had both higher average results and highest single neutron yield.  In moving 

forward the new chamber will alter several concepts to attempt to increase the neutron 

yield. 

 Previous pyroelectric neutron chambers used at RPI had internal volumes of 

2600cm3 (GEN I) and 425cm3 (GEN II).  These volumes allowed for optimal operating 

pressures of ~4 mTorr and 21 mTorr, respectively4,39.  It was decided that the total 

internal volume of the new chamber should be on par with the GEN II chamber, 

~425cm3.  When the volume of a pyroelectric chamber decreases higher ambient 

pressures can be used to accelerate particles within the chamber40.  Higher pressure 

causes a larger concentration of D2 near the tip and close to the crystal surface.  This 

would lead to more gas ionization an increase in D+ current.  

A major change comes from the flange design used to help prevent crystal 

discharge.  In previous two crystal systems at RPI the crystals were directly mounted to 

the TEC using copper tape and conductive epoxy.  The thermocouple was placed at the 

edge of the TEC near the crystal.  These items could have increased discharges 

preventing higher yields from being obtained.  In the GEN III chamber the crystals are 

directly mounted to a custom thin aluminum wall using conductive epoxy.  After the 

epoxy curies, the base of the crystal is coated in corona dope.  Once the crystal is 

situated on the aluminum insert the deuterated target or copper disc with tungsten tip are 
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mounted on the crystal surface.  The heating and temperature monitoring for neutron 

experiments are conducted externally to prevent them from promoting discharges by the 

crystal. 

Another unique feature one of the GEN III chambers is the change from previous 

systems that were made entirely of stainless steal and / or aluminum alloy structures.  

The new system would expose the crystal sides and face to glass.  The premise for using 

glass was the decrease in conductivity, both thermally and e lectrically, compared to 

metal chambers.  The goal of using an insulator was to limit losses by the crystal to its 

surroundings.  In doing so it should further stabilize the crystals during neutron 

experiments.  

 With these changes the goal is to increase the neutron yield by using a heating 

thermal profile for two LiTaO3 crystals.  When the method for heat transfer to the 

crystals is altered a reevaluation of the emission profile for each crystal must be 

conducted.  This is done to both ensure that the crystal still experiences a significant 

change in temperature and the emission profiles are aligned for a given thermal cycle. 

 

4.1 Custom Aluminum Inserts 
 

The material that was chosen for the insert was aluminum 6061.  The reason for 

choosing this aluminum alloy was due to the light weight of the component and the 

structural stability.  While copper has better heat transfer properties, the overall 

component would have had a greater mass.  This greater mass would then intern increase 

the stresses on the glass system, especially at the „T‟ intersect.  The base of the flange 

had to be designed as a standard size to connect to the GEN III systems.  The NW 80 

flange size was used to allow for maximum flexibility for other design features.  It is 
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important to note that the design features for both the custom aluminum inserts and GEN 

III glass chamber were designed in parallel.  The custom aluminum inserts are described 

first due to their importance in both the metal and glass GEN III systems.  

4.1.1 Design Considerations 

A major concern regarding previous neutron chambers was out gassing from 

various components within the chamber.  This includes the TEC, epoxy (both non 

conductive and conductive), corona dope (used as an insulator at the base of the crystal) 

and thermal grease.  To limit the amount of items within vacuum the majority of the 

components needed to be situated outside the chamber.  The design process for the 

custom insert was done in parallel with the GEN III chamber. From previous work it was 

known that the optimal ambient pressure to produce neutrons could be increased if the 

volume of the chamber were decreased40.  The design of the chamber was in a „T‟ shape, 

to allow both crystals to be situated with their faces parallel to each other.  Although the 

chamber‟s internal volume was greater then the GEN II chamber custom inserts would 

protrude into the chamber, eliminating excess space. This in effect also minimized the 

distance between the crystals while reducing the internal volume of the chamber.  

Returning to the idea of limiting components under vacuum the TEC and 

thermocouple were situated on the backside of the aluminum insert.  This limited the 

minimal size of the insert due to the area needed by the TEC.  Due to the size limitations 

of the custom chamber (GEN III chamber explained in further detail in §4.2) the larger 

TECs could not be used with the new inserts.  Typically as dimensions decrease the 

amount of power that can be delivered to the TEC also decreases limiting the maximum 

rate that the crystal can ascend to a given temperature. 
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A 3.0 cm x 3.4 cm TEC was settled upon to allow for maximum power while 

limiting the area needed to attach it to the custom insert.  The thermocouple is placed on 

the backside of the lip of the TEC.  Positioning the thermocouple in this position has two 

benefits, the first being an accurate reading of the temperature of the TEC and the 

second is preventing discharges from affecting the controllers.  If a discharge occurs the 

controller could reset which causes the experiment to end prematurely.  With the proper 

positioning of the TEC this is not a concern.  Lastly there is a copper heat sink attacked 

to the back of the TEC.  A small computer fan is placed on the copper heat sink to help 

remove latent heat from the system.  Figure 16 is a cut away view of the fully assembled 

aluminum insert and the position of the components.  

 

Figure 16 – Cutaway view of the custom aluminum insert.  The cooling fan has the dimensions 

of 3 cm by 3 cm and four screws hold it next to the copper heat sink.  The copper heat sink was 

cut from a large piece the same dimensions as the cooling fan and the back side of the TEC.  

This figure is not drawn to scale.  
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The second major concern was the distance between the crystals.  If the crystals 

are too close to each other when a discharge event occurs the second crystal would be 

affected.  This would ultimately eliminate the potential between the crystals.  If the 

crystals are spaced too far apart there is charge loss due to a small solid angle between 

crystal faces.  This would prevent the maximum ion current incident on the deuterated 

surface.     

The final aluminum pieces were designed at Charles V. Weber Machine Shop, 

Inc.  Two different length pieces (normal and long) were manufactured for the different 

length crystals.  The wall thickness is made as thin as possible to provide structural 

support and limit the affect of heat conduction (5 mm thick).  The base of the insert is a 

standard size NW 80 flange.  For the two different length inserts when the crystals are 

situated on them the distance between crystal surfaces in the glass chamber are 3.0 cm 

and 3.5 cm for the 2.54 cm and 1.0 cm thick crystals, respectively.       

4.1.2 Crystal Temperature Profile  

The first test that was conducted with the aluminum inserts was measurement of 

the temperature on the TEC and on the crystal surface.  The purpose of this was to find 

the difference in temperature that the crystal experienced for a given heating cycle.  This 

experiment was conducted within the metal chamber and the current from the 

thermocouple wires were passed through adjacent ports while in vacuum.  The LiTaO3 

crystal that was used for this experiment measured 3 cm in diameter by 1 cm thick.  The 

temperature ranges from 25 to 100 ˚C.  The purpose of ending the heating cycle at a 

lower temperature then previous experiments was a conscious decision to prevent 
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stresses to the controller and crystal in the new system.  Figure 17 shows the response of 

the thermocouples as a linear heating profile is applied to the TEC.  
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Figure 17 – Temperature comparison of the back of the TEC (normal posit ion of the 

thermocouple) and surface (top) of the crystal for 15 minute heating cycle.  The controller used 

to produce the linear heating profile use the temperature provided by the thermocouple on the 

TEC. T = 0 corresponds to the beginning of the thermal cycle and end of cycle occurs when 

power is terminated to the TEC.   

 

 Figure 17 shows that after the initial temperature increase, for a majority of the 

thermal cycle the temperature on the crystal surface increases linearly.  This is not the 

case for systems that have the crystal directly mounted onto the TEC20.  Throughout the 

entire thermal cycle the maximum difference in temperature does not exceed 10 ˚C.  The 

greatest discrepancy occurs at the beginning of the thermal cycle shortly after the power 

is supplied to the TEC.  This is due to the time needed for heat to propagate through the 
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aluminum insert and crystal. As the measured temperature on the TEC continues to 

increase, the difference in temperature measured at the surface decreases.   This is 

represented in Figure 18. 
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Figure 18 – Difference in temperature between the back of the TEC and top of the crystal for the 

thermal profile.  The greatest difference occurs shortly after the heating cycle begins after which 

the difference continues to decline until the end of the thermal cycle.  

 

Further experiments were done in an attempt to increase the temperature and 

shorten the heating profile.  This is done to help increase current migration from the 

surface of the crystal.  For both of these scenarios the difference between the crystal 

surface and thermocouple on the TEC is expected to increase.  However the surface of 

the crystal is expected to still increase linearly. 

 

 



 

54 

 

4.2 Custom Glass Chamber 
 

As stated before, the custom glass chamber was designed in parallel with the 

aluminum inserts.  The purpose of designing the glass chamber was to situate a majority 

of the crystals exterior between a nonconductive, thermal and electrical, medium.  In 

doing so the goal would be to limit losses to the chamber.  Electrically the field lines 

would be affected by replacing stainless steel with glass.  Thermally the glass would 

hinder some of the heat transferred at higher temperatures due to radiation.  Although 

none of these changes drastically affect a crystal, by adjusting the crystals environmental 

factors the goal would be to limit charge leakage from the crystal surface to its 

surroundings improving the yield and crystal stability.  

The glass chamber was a custom designed cylindrical single piece manufactured 

by MDC Vacuum Products Corporation.  The flanges used for the vacuum chamber 

were all made of stainless steel.  This was done to support the flanges when connecting 

to other metallic pieces use in the system (vacuum components, aluminum inserts, etc.).  

The two flanges used to position the crystals in parallel were designed as NW 80 flange 

size.  This is the same flange size used as the base for the aluminum inserts.  Finally, to 

limit the internal volume of the system the distance between crystals was designed to 

place the crystal surfaces between 3 and 7 cm from each other.  The diameter of the 

custom aluminum pieces were designed to limit the space between the interior of the 

glass chamber wall.  Depending on the length of the aluminum inserts used when they 

are inserted into the glass chamber the total internal volume is between 345 cm3 and 386 
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cm3.  Figure 19 is a 2-D CAD model, drawn to scale, of the final design used for 

manufacturing of the glass chamber.  

 

Figure 19 – The 2-D CAD drawing of the glass chamber.  The aluminum inserts position the 

crystals so that the sides are exposed to the glass walls.  The lengths of the metal pieces needed 

for glass to metal boundary had a major factor in the final length of the aluminum insert.  All 

units shown above are in inches as required by the manufacturer. 

 

 When the system is placed on the vacuum chamber the entire weight of the 

aluminum inserts and glass chamber is held by the NW 16 base.  In retrospect the size of 

this opening should have been increase for additional structural support.  Another 

important note is the extreme brittleness of the glass chamber.  When an aluminum 
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flange needs to be removed the whole assembly must be removed from the vacuum 

system to prevent torque that could shatter the glass at the base of the chamber.  

 

4.3 Results with the Metal Chamber 
 

An initial set of experiments to test and characterize the aluminum inserts were 

conducted on a cylindrical metal „T‟ shaped chamber (reducing flange) with dimensions 

of 18.4 cm in length and an inner diameter of 7.6 cm41.  The two ports in parallel were 

NW 80 flange size and the single port used to attach the system to the vacuum pump is a 

NW 40.  The vacuum pump is a Leybold BMH 70 Dry Turbomolecular pumping 

station42 and pressure is determined by Leybold Ionivac transmitters ITR 90 pressure 

gauge32.  This is explained in greater detail in Reference 43.  

To characterize the emission rate with single crystal experiments were done 

using a beryllium window that was mounted on one side.  A thin tantalum foil was 

situated between the crystal and the beryllium window.  The tantalum foil is a high Z 

material that is used to convert electrons into X-rays more efficiently then the low Z 

beryllium window.  The tantalum foil is located ~11.2 cm from the crystal surface and 

the beryllium window is situated ~0.5 cm behind the foil.  
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Figure 20 – The stainless steel GEN III chamber is a NW 80 to NW 40 tee.  Aluminum inserts 

are always positioned horizontally at the top of the vacuum chamber. 

 

With the two crystal experiments,  when two 1 cm thick crystals are placed on the 

aluminum inserts their surfaces were situated ~4.1 cm from each other.  Only conductive 

epoxy was used between the copper disc and crystal surface for the tip crystal and only 

CD2 was used for the target material for neutron experiments.  When both flanges are 

inserted into the chamber, the total internal volume is ~608 cm3. 

The first experiments used a crystal that was situated to emit electrons on 

heating.  Several different heating rates were selected to show the emission rate and 

energy produced by the crystal.  The beginning and end temperature remained the same.  

The times selected for the heating profiles were based on two factors.  The only 
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discrepancy between the fifteen minute heating profile used for temperature 

measurements and the profile used for emission is an increase of the final temperature by 

10 ˚C.  The second was a twelve minute heating profile.  This was the fastest rate that 

the TEC could be heated between 25 ˚C to 110 ˚C linearly using the aluminum inserts 

and limiting the power delivered to the controllers and TEC to 30 W.  Figure 21 shows 

the emission rate, x-ray maximum energy, and temperature profile for the thermal 

cycles. 
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Figure 21 – For a single crystal twelve minute (a) and fifteen minute (b) heating profile, the 

maximum emission and energy occur prior to the end of the thermal cycle.  From the results 

obtained a shorter heating profile results in higher potential within the system.  Energy profile 

for (b) was not obtained for the last 360 seconds of the experiment.  T = 0 coincides with the 

start of the heating profile. 

 

After achieving consistent results with a single crystal mounted to the aluminum 

insert the two crystal system was assembled.  Each crystal was mounted to its aluminum 
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insert their respective surfaces were applied (CD2 and copper disc with tungsten nanotip 

for the +Z and -Z surfaces, respectively).  For neutron production both crystals 

experience the same heating profiles.  Crystal synchronization is used to determine the 

delay between the start of crystals heating cycle.  Due to the small volume of the 

chamber, the ambient pressure with deuterium gas in the system ranged between 6.3 x 

10-3 and 3.0 x 10-2 mbar for these experiments.  Two sets of experiments, represented in 

figure 22, to produce neutrons were conducted at twelve and fifteen minutes.  
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Figure 22 – Twelve minute (a) and fifteen minute (b) neutron and x-ray energy production with a 

70 second and 190 second delay between start times, respectively.   Using a twelve minute 

heating cycle produced higher energy x-rays but the fifteen minute cycle produced significantly 

greater amount of neutrons. 

 

Although the results from figure 21 show that a shorter cycle would create a 

higher potential, a great amount of neutrons were produced for the longer cycle.  The 

yields for the fifteen minute cycle in this system are currently the highest yield to date 

for the GEN III chambers.  The average yield for the fifteen minute heating cycle was 

3.3 x 103 (± 455) neutrons per thermal cycle.  This was obtained in consecutive 

experiments.  The highest yield for a single thermal cycle was 4.6 x 103 (± 539) 

neutrons.  The average yield for the twelve minute heating cycle was 2.2 x 103 (± 364) 

neutrons per thermal cycle.  This thermal cycle also did not yield these results 
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consecutively.  It is important to note that the energy observed for all experiments are 

lower then previously obtained results due to shielding from the metal vacuum chamber.   

The following table shows the results from figure 22.  

Table 7 – Twelve minute and fifteen minute neutron and x-ray results obtained using a metal 

chamber.  The neutron yield and error were determined using the background and counting times 

for the individual experiments. 

Run Counting 

Time [s] 

Measured 

Counts 

Background Conversion 

Factor 

Yield [n] Emax [keV] 

1 1038 372 98 12.5 4646 ± 539 98.0 

2 1007 362 95 12.5 4527 ± 528 113.9 

3 1050 267 99 10.7 2849 ± 430 109.4 

4 1004 227 95 9.9 2238 ± 388 99.7 

5 1001 228 95 9.9 2255 ± 389 107.1 

6 794 290 75 12.6 3646 ± 447 129.7 

7 914 194 86 9.4 1831 ± 350 108.0 

8 819 176 77 9.5 1679 ± 328 113.0 

9 821 181 76 9.8 1780 ± 333 109.6 

 

One advantage of this system compared with the results obtained in the GEN I 

system is the mode of neutron production.  While x-ray spikes greatly contributed to the 

yield in previous experiments, their significance in this system was not as high.  X-ray 

spikes were still observed but the number of neutrons produced during these events is a 

smaller percent of the total yield for the thermal cycle.  It was stated before that a system 

should not be designed primarily around producing neutron during x-ray spikes.   

The success of these experiments could also be attributed to the leak valve 

located between the vacuum pump and the pyroelectric setup.  There were several 

experiments where the results were not consistent due to frequent discharges when D2 
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gas was present within the system.  This commonly occurred when the leak value was 

fully opened, also depleting the D2 quicker.  When the value was nearly closed, to the 

point that D2 flow from the pyroelectric setup to the vacuum pump was highly impeded, 

neutron yields and crystal stability increased.  It was always assumed that due to the 

velocity of gas at room temperature the pressure within the system was uniform.  The 

conclusions based on observations during experiments for different leak valve settings 

suggest that there is a strong pressure gradient within the system that effects crystal 

emission.  Future investigations should be conducted to find how the flow rate of 

gas in pyroelectric systems affects emission stability. 

 

4.4 Results with Glass Chamber 
 

The first set of experiment conducted with the glass chamber used the same 

aluminum inserts and crystals that yielded the results represented in figure 22.  The 

reason for this was to attempt to reproduce similar yields.  The distance between the 

crystals surfaces are ~7 cm in this configuration.  The vacuum pump was also replaced 

with a Pfeiffer TMH 071 P44.  This was done due reduce the vibrations that were present 

with the other system (these vibrations are not believed to have affected past results but 

due to concerns that it could contribute unnecessary stresses that might cause the glass 

system to break).  This vacuum pump is described in further detail in Appendix I.  

Figure 23 shows the fully assembled glass chamber situated on top of the leak valve 

located directly above the vacuum pump. 
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Figure 23 – Fully assembled glass chamber mounted on the vacuum pump.  The crystals are 

mostly surrounded by glass and their surfaces are separated by ~7 cm.  
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For this set of experiments conducted within the glass chamber the pressure 

remained between 1.2 x 10-2 to 2.2 x 10-2 mbar.  The temperature profile for both crystal 

and all experiments was a fifteen minute linear heating cycle.  The delay between the 

initiation of the tip crystals heating profile and target crystals heating profile was ~40 

seconds.  Although the same aluminum flanges were used in the metal chamber, shorter 

delay between the start times can be attributed to the glass chamber being a poor 

conductor of heat.  This allowed more heat to remain in the aluminum inserts and have 

that heat transfer to the crystal in a shorter period of time.  Figure 24 shows the neutron 

yields and x-ray energy results for the experiments conducted in the glass chamber.  
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Figure 24 – Neutron yield and x-ray energy for two 3.0 cm diameter by 1.0 cm thick crystal in 

the glass chamber.  The crystal surfaces were situated ~7 cm apart.  The standard deviation for 

these experiments was 17.0%.  The neutron yield increased with an increase in the maximum 

energy observed for each experiment. 
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The average neutron yield was 2.2 x 103 (± 299) neutrons per thermal cycle.  

These yields were lower then what was obtained in the metal chamber.  This could be 

contributed to the distance the crystal surfaces were from each other.  In this group of 

experiments the crystals were 7 cm apart.  In future experiments to improve the neutron 

yield the crystals should be positioned closer to each other.  This would improve the D+ 

current incident on the target crystal. 

 

Table 8 - Twelve minute neutron and x-ray results obtained using a metal chamber.  The neutron 

yield and error were determined using the background and counting times for the individual 

experiments. 

Run Counting 

Time [s] 

Measured 

Counts 

Background Conversion 

Factor 

Yield [n] Emax [keV] 

1 1081 251 72 9.9 2474 ± 330 120.2 

2 1023 241 68 8.2 1976 ± 294 118.6 

3 1049 184 70 8.6 1576 ± 272 110.2 

4 1050 219 70 9.4 2059 ± 302 119.1 

5 818 203 54 10.1 2059 ± 283 118.1 

6 770 214 52 10.5 2239 ± 292 122.1 

7 776 248 52 10.9 2709 ± 321 136.1 
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5 Deuterated Metal Targets 

Single crystal experiments conducted in the past have produced high neutron 

yields when accelerating ions away from the crystal to a deuterated metal target3,8.  For 

these experiments the target material has been deuterated erbium, ErD2.  Deuterated 

metal targets in a two crystal pyroelectric system could have several benefits compared 

to the deuterated plastic targets used in the past (polyethylene and polystyrene)4,9.  Over 

the course of several experiments the deuterated plastic targets have been shown to 

erode23.  When this happens there are areas present on the crystal surface that do not 

undergo fusion with a D+ current.  One consequence that would occur would be a 

decrease in neutron production.  To prevent this from occurring, the target material was 

changed from deuterated polyethylene to a deuterated metal target.    

5.1 Preparation of Deuterated Targets 

 It was decided that two metals would be considered as candidates for deuterium 

impregnation, titanium and zirconium.  Titanium and zirconium were chosen due to the 

large amount of literature available and their ability to absorb deuterium45.  The first step 

in sample preparation was to cut circular metal discs of pure (>99.5% metal basis) 

titanium and zirconium.  There were four distinct sizes selected for titanium, 2.86 cm 

diameter by 0.025 cm thick, 2.86 cm diameter by 0.050 cm thick, 1.90 cm diameter by 

0.025 cm thick, and 1.90 cm diameter by 0.050 cm thick.   Two sizes were selected for 

zirconium, 2.86 cm diameter by 0.071 cm thick and 1.90 cm diameter by 0.025 cm thick.  

 The second step is to weigh the samples.  For each run to impregnate metals only 

one type of metal is used and no two samples with the same dimensions are used.  This 

is done out of ease in identifying the samples.  The samples are then placed on a Silicon 
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Carbide flat bed.  The silicon carbide flat bed (SiC-FB) is used to place the metal discs 

on an even surface.  The SiC-FB is then placed in the system where the pressure is 

slowly reduced while N2 gas is introduced.  The N2 is introduced to remove any excess 

oxygen in the system.  This process continues until the chamber reaches ~10 Torr.  

 Below 10 Torr the N2 gas flow is stopped and the pump continues to remove any 

residual gas remaining.  The system typically reaches 60-80 mTorr.  At this point 

deuterium gas is introduced into the system at a rate of 2000 standard cubic centimeters 

per second (sccm).  The systems pressure is allowed to increase until 500 Torr upon 

which the flow rate is reduced to 200 sccm.  This flow rate is maintained throughout the 

entire heating and cooling process.  

 Once the system reaches the desired pressure (~500 Torr) and flow rate (200 

sccm) the samples are heated to 600 ˚C over the span of ~4 minutes.  The samples 

remain soaked at 600 ˚C for an additional 30 minutes (60 minutes for the zirconium).  

This gives time for diffusion to occur and impregnate the metal samples with deuterium.  

After the soak period the samples are cooled to 100 ˚C.  This takes ~ 30 minutes to occur 

and is assisted by convection of the D2 gas.  Once 100 C is reached the D2 gas flow to 

the system is halted.  The system then removes any residual gas that could be remaining 

reaching ~100 mTorr.  N2 is reintroduced into the system while the pressure is increased 

to 760 Torr.  The samples are then removed and reweighed.  To determine the D2 atomic 

fraction the following formula is used: 
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where msDx and ms is the mass of the deuterated sample and pure metal sample, 

respectively.  Ms and MD is the atomic mass of the metal and deuterium, respectively.  

The error in the concentration is found from: 

 2
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where the error in the mass of the deuterated and pure metal sample is 2
msDx and 2

ms, 

respectively.  This value is 0.0005 and comes from the precision of the scale used to 

weigh the samples.  The table 2 shows the results from two sets of runs to impregnate 

titanium with deuterium. 

Table 6 – Weight and deuterium concentration for titanium discs of different sizes.  Repeated 

sizes are used as a reference to determine if the system behaves consistently for future runs.   

Sample Dimensions Mass (Before D2) [g] Mass (After D2) [g] Concentration 

2.86 cm by 0.050 cm 1.47866 ± 0.00005 1.57654 ± 0.00005 1.57 ± 0.01 

2.86 cm by 0.025 cm 0.63885 ± 0.00005 0.67968 ± 0.00005 1.52 ± 0.03 

1.90 cm by 0.025 cm 0.32007 ± 0.00005 0.34334 ± 0.00005 1.73 ± 0.05 

1.90 cm by 0.025 cm 0.32029 ± 0.00005 0.33978 ± 0.00005 1.45 ± 0.05 

1.90 cm by 0.050 cm 0.65211 ± 0.00005 0.68271 ± 0.00005 1.12 ± 0.03 

1.90 cm by 0.050 cm 0.65270 ± 0.00005 0.69620 ± 0.00005 1.58 ± 0.03 

 

Table 3 shows the results from two sets of runs to impregnate zirconium with deuterium.  
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Table 7 – Weight and deuterium concentration for zirconium discs of different sizes.  Only two 

sizes were used for zirconium.  

Sample Dimensions Mass (Before D2) [g] Mass (After D2) [g] Concentration 

2.86 cm by 0.071 cm 2.94366 ± 0.00005 3.05313 ± 0.00005 1.68 ± 0.01 

2.86 cm by 0.071 cm 3.03434 ± 0.00005 3.09799 ± 0.00005 0.95 ± 0.01 

1.90 cm by 0.025 cm 0.45765 ± 0.00005 0.46306 ± 0.00005 0.54 ± 0.07 

1.90 cm by 0.025 cm 0.45216 ± 0.00005 0.45417 ± 0.00005 0.20 ± 0.07 

 

 The zirconium samples were not only inconsistent they had a tendency to buckle 

and shatter at the center.  This occurred for both large samples of zirconium.  The 

smaller samples of zirconium were not used due to the low concentration of deuterium 

present.  From the results it was clear that the metal target that should be used was the 

deuterated titanium.  Due to the highest concentrated sample being a smaller disc that 

did not sufficiently cover some of the crystal, the larger diameter disc was used as the 

target on the crystal. 

5.2 Results Using a Deuterated Metal Target 
 

The neutron yields when using the metal discs were extremely poor.  The highest 

yield detected differed from background by only 10 counts.  Figure 1 shows the counts, 

compared with background, that the detector recorded.  
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Figure 25 – Neutron counts and x-ray energy for experiments using the TiD1.5 target.  The total 

yield for all runs did not differ much from background.  

 

Figure 1 shows that the energy observed for each experiment was lower then what had 

been produced in the past with the same crystals and chamber (see Figure 23).  The low 

energy could have occurred for several reasons all related to the shape of the target.  

Table 8 – Results with a deuterated titanium target.  Future improvements to the target would be 

needed to help distinguish background from measured counts. 

Run Counting 

Time [s] 

Measured 

Counts 

Background Emax [keV] 

1 1081 61 ± 7.5 57 71.9 

2 1023 55 ± 8.1 65 70.9 

3 1049 56 ± 8.1 65 89.9 

4 1050 59 ± 7.3 53 87.2 
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While the ideal shape of the metal targets was a flat disc, during the cooling process all 

the metal discs that were prepared bowed.  This bowing effect prevented a majority of 

the TiD1.5 from coming in contact with the crystal surface.  Additional conductive epoxy 

was used to fill in gaps between the surface of the crystal and the TiD1.5 disc.  Figure 2 

shows the metal target situated on the crystal.  

 

 

Figure 26 – Gap between the crystal surface and deuterated metal disc.  The disc formed this 

way during the cooling process after deuterium impregnation occurred. 

 

 Another result of the gap could have been frequent discharges that prevented the 

crystals from reaching their full potential.  The low energy for each of the experiments 

suggests that this effect was impacting neutron production.  A large amount of 

conductive epoxy (compared with flat copper discs used on the tip crystal) was used to 

fill gaps but there were still substantial vacancies between the TiD1.5 disc and crystal 

surface. 
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 Metal targets do have promise in two crystal pyroelectric fusion applications.  

The process that was used to prepare deuterated samples is still in its infancy.  Further 

refinement should be conducted to prevent bowing, cracking, and shattering of the metal 

samples while trying to maintain a high concentration of deuterium.   
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6 Discussion, Future Work and Conclusion 

6.1 Summary of Significant Results 

There were several contributions to two crystal pyroelectric fusion research 

presented in this thesis.  Although the neutron yield per thermal cycle was not improved 

from previous achievements several noteworthy accomplishments were accomplished.  

The most prevalent is the two crystal synchronization.  In previous experiments the 

target and tip crystals thermal cycles were not aligned to emit their maximum current or 

potential at the same time.  When the crystals are aligned the particles within the system 

can come close to reaching their maximum potential (see Chapter 2).  This maximum 

potential for a two crystal system is the sum of the individual crystals potential. 

 Another achievement is the design and implementation of the custom aluminum 

inserts.  Heating the crystals from the exterior wall allowed the top of the crystal to reach 

a high temperature while experiencing a linear change in temperature.  The benefit to 

this is greater emission stability (see Chapter 4).  The only negative consequence for 

using the aluminum inserts is that there is a longer delay between heating profiles.  After 

a heating profile has completed, there is excess heat remaining in the aluminum inserts 

that requires a more elaborate heat removal system then the one currently in place.  

Modifying this design could improve both the temperature range and shorten the delay 

between heating profiles. 

6.2 Crystal Preparation and Synchronization 

The first part of this section focuses in on the emission and potential of a crystal 

when there is a material situated on its surface.  When the crystal is bare the emission 

and observed potential is greater compared to a coated crystals response.  Even the thin 
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layer of deuterated polyethylene that is deposited onto the crystal surface hinders 

emission.  The second of this section targets the delay between crystal emission profiles 

and their potential.  When their emission profiles and potential are aligned the energy 

produced by the two crystals approached the sum of the individual crystals.  This is 

important in neutron production because higher energy would increase the probability 

for D-D fusion. 

6.3 Neutron Production in the Generation I Chamber 

There were two methods attempted to produce neutrons in the generation I 

chamber.  The difference between these experiments and past two crystal experiments 

conducted at RPI were the size of the crystals and method used to cool them.  The first 

group of experiments was designed to produce neutrons with 3.0 cm diameter by 1.0 cm 

thick crystals while using a cooling profile.  The benefit to using a cooling profile is the 

thermal processes all work together to cool the crystal to its initial temperature.  

However, the neutron yield per thermal cycle remained low and these results were 

inconsistent when the cooling profile was changed.  The remainder of experiments used 

a heating profile to produce neutrons.  The average neutron yields during the heating 

cycle were greater then the average neutron yields from the cooling cycle (see Chapter 

3).  These results were the basis for using a heating profile in the new chamber.  

6.4 Neutron Production in the Generation III Chambers 

There were two generation III chambers, metal and glass, that were used for 

neutron production.  Both GEN III chambers use custom designed aluminum inserts to 

position the crystal surfaces in parallel.  The aluminum inserts position the TEC and 

thermocouple outside of the vacuum chamber, limiting the material present near the 
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crystal.  The aluminum inserts showed that the TEC and top of the crystal both 

experience a linear heating profile.  This was a design improvement that was not present 

in previous two crystal experiments.  

The consecutive neutron yields when using the metal chamber were roughly one 

third of what had been accomplished in the past (see Chapter 4).  The neutron yields 

while working with the glass chamber were lower then the metal chamber.  This is 

believed to have occurred due to the distance between the crystal surfaces.  

Improvements to the aluminum inserts that position the crystals closer together could 

improve neutron yields. 

6.5 Deuterated Metal Targets 

Although the use of a TiD1.5 target failed to produce significant results the 

process to procure deuterated metal samples had been achieved.  Further refinement to 

this process could help prevent bowing, cracking, and shattering from occurring (see 

Chapter 5).  More in depth analysis of metal targets should be conducted to determine 

which material would work best in a two crystal pyroelectric neutron generation.  

6.6 Future Work 

6.6.1 Shorten Crystal to Crystal Distance in the Glass Chamber 

The glass system was only tested with 3.0 cm diameter by 1.0 cm thick crystals 

at a distance of ~7 cm.  Reducing this distance to 3 cm could significantly improve the 

neutron yield.  Due the only significant difference between the metal chamber and the 

glass chamber was the distance the crystal surfaces were.  With longer aluminum inserts 

two accomplishments would be achieved, the total volume of the glass chamber would 

further be reduced and the crystals would be situated closer together.  
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6.6.2 Improve Heat Transfer for Aluminum Inserts 

The primary concern when using the aluminum inserts is the down time between 

thermal cycles due to latent heat stored during a heating profile.  Although the latent heat 

does not interfere with a heating profile it prevents the system from being used as a 

neutron generator during with a linear cooling profile.  To improve the heat removal a 

small liquid feed through, similar to the GEN I feed through but smaller in scale, that 

can be directly attached to the aluminum should be considered.  This would require 

refinements to the current aluminum insert design.  Consideration for the weight of this 

addition should also be considered due to the fragile nature.       

6.6.3 Gas Inlet and Flow Rate 

Significant improvements in neutron yield and system stability were observed 

when the flow rate of gas between the inlet valve and vacuum pump was limited (see 

Chapter 4).  This implies that the pressure gradient across the system has a significant 

affect on emission and neutron production.  Simple experiments can be conducted in the 

GEN I or III chamber to prove this assumption.  If this does impact the emission or 

neutron yields, repeating previously experiments could result in higher yields per 

thermal cycle.   

6.6.4 Refine Production of Deuterated Metal Targets 

The current method to produce metal targets causes the discs to undergo a 

bowing process during its cooling phase.  This prevents the target from being situated 

onto the crystal in an evenly distributed manner.  When the metal targets are evenly 

distributed onto the crystal an accurate comparison between deuterated targets can be 
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achieved.  Currently only a deuterated titanium target was used.  Future deuterated metal 

targets should include zirconium, palladium, and erbium.  

6.6.5 Remove Down Time Between Thermal Cycles 

Achievement would be one of the final designs for a two crystal pyroelectric 

system and the process of achieving it can be done in any number of ways.  The simplest 

would be two crystals with deuterated targets attached to their surfaces.  Situated 

between the crystals is deuterium gas.  During the heating profile the two crystals would 

accelerate the ions towards one target.  After the heating profile is complete the cooling 

profile would reverse the direction of the deuterium ions, accelerating them into the 

second target. 
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APPENDIX I PFEFFER VACUUM SYSTEM 

I.1 PFEFFER HiPaceTM Turbopumps 

The Pfeiffer Vacuum turbopump used for the experiments with the glass chamber 

was pump model HiPaceTM 80 with a DN 63 ISO-K flange.  It has a maximum pumping 

speed of 67 and 48 liters per second for N2 and H2 gas, respectively44.  Figure 26 

represents the various pumping speeds with respect to the pressure of the system.  

 

Figure 27 – Pumping speed as a function of pressure for the HiPace
TM

 80 pump used in the 

experiments
44

.  For neutron experiments only deuterium was present within the system. 

 To measure the pressure within the system a Pfeiffer Vacuum compact full range 

gauge PKR 251 DN 25 ISO-KF was used.  This pressure gauge‟s measurement range 

(for N2 and Air) is from 1000 to 5 x 10-9 mbar.  The large pressure range is achieved 

through the use of a Pirani gauge from 1000 to 10-2 mbar.  Below 10-2 mbar both the 

Pirani gauge and a cold cathode system are used to measure pressure46.  Figure 27 shows 

a picture of the pressure gauge mounted to the system.  
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Figure 28 – Pfeiffer Vacuum Compact Full Range Gauge PKR 251.  The pressure gauge was 

positioned in parallel with the inflow of D2 gas for all experiments (see Figure 23). 

 The entire Pfeiffer Vacuum system weights ~10 kg.  This is important because it 

shows that a portable neutron generator can be ascertained in a lightweight system.  The 

vacuum pump is represented in figure 28.  
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Figure 29 – Entire vacuum system located on a table top.  The system weights ~ 10 kg and can 

be easily transported from one location to another. 

 


