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1. INTRODUCTION

This research was focused on the utilization of pyroelectric crystals for generation of
radiation. When in constant temperature pyroelectric crystals are spontaneously
polarized. The polarization causes internal charges to accumulate near the crystal faces
and masking charges from the environment are attracted to the crystal faces and
neutralize the charge. When a pyroelectric crystal is heated or cooled it becomes
depolarized and the surface charges become available. If the heating or cooling is done
on a crystal in vacuum where no masking charges are available, the crystal becomes a
charged capacitor and because of its small capacitance large potential develops across the
faces of the crystal. This large potential that can exceed 100,000 volts can be utilized to
accelerate electrons and ions. By combining two crystals we were able to increase the
acceleration potential to over 200 keV. This technology is very attractive because of the
ability to build accelerators that can be operated by low voltage (9V battery) that is
required to heat the crystals. We have demonstrated an x-ray accelerator with energy of
over 200 keV the highest energy produced using this technology. These x-rays were used
for x-ray florescent of lead and thorium and for imaging of small objects.

By placing the crystals in a deuterium gas environment, deuterium ions are created and
accelerated towards a deutreated plastic target and D-D fusion is created. Our group is
one of two groups that pioneered this fusion technology. This discovery has applications
in production of small portable neutron generators. Such neutron source for homeland
security applications is currently under development by our group.

This report summarizes the work that was done under the NEER DE-FGO07-041D14596
grant funding to develop this unique accelerator technology.

2. REPORT OUTLINE

The main body of the report is a PhD thesis produced by Jeffrey Geuther. The thesis
contains a detailed description of the work done and the results accomplished.
A list of publications generated in the course of this work is also included.
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ABSTRACT

Pyroelectric crystals heated or cooled in vacuum have b&sthto produce low-energy
x-ray devices since 1992. In the course of this thegiererents with lithium tantalate
(LiITaOs) and lithium niobate (LiNbg) were performed to extend the usefulness of
pyroelectric radiation sources. Paired-crystal xgagerators were shown to double the
x-ray energy and yield, and allow the k-shell fluorescexfany metal up to thorium (Z
= 90). It was demonstrated that the electron emissam & single pyroelectric crystal
could be transmitted through a beryllium window to allow #lectron beam to be
extracted from the vacuum chamber. The electron @missurrent and energy were
measured, and a mathematical model was developed to peed&sion current and
energy. Magnetic deflection experiments were usedetdfyvthat the electric field
produced by the pyroelectric effect in lithium tantalatas sufficient to ionize gas.
Finally, a paired-crystal system was used to ionize a deotdill gas near a metallic tip
mounted to a pyroelectric crystal, and accelerate tie@se into a deuterated target
mounted to the opposing crystal. This technique was usptbtiuce a compact, low-

power fusion neutron source driven by pyroelectrictalygs
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1 Introduction

1.1 Historical Review

In order to understand the rate of progress in the sthigyroelectric crystals as
radiation sources, one must consider the history a$c¢lence of pyroelectricity.

1.1.1 Rochelle Salt: The First Rigorously-Studied Ferroelectg Crystal

The first mention of pyroelectric properties exhibitgdany material was in ancient
Greece, where Theophrastus observed that a stoneal dgiigourion (tourmaline)
attracted pieces of straw and wood when hehtethwever, the early study of tourma-
line focused on its origin and its possible medicinal usés.rigorous investigation of
the physical properties of pyroelectric crystals wasdoeoted until post-Rennaissance
Europe, when tourmaline was studied by numerous scieritishsdling Carl von Linné,
who finally identified electricity as the cause of theeresting properties of tourmaline

A great breakthrough in the scientific study of pyragiecrystals came in the late
17" century, when Pierre Seignette of La Rochelle, Fearecame the first person to
manufacture crystals of sodium tartfaf&Na (C4H4Og)-4HO]. This crystal is often
called Seignette salt, and more commonly called Rtalt, in honor of this discov-
ery.

Rochelle salt was known to be pyroelectric by Davidvigter in 1824, and in 1920
Joseph Valasek discovered that Rochelle salt wasfalsmelectric: For hundreds of
years it was the only ferroelectric crystal knowrman? For this reason, Rochelle salt
was studied by many scientists who wanted to understammkdtgiar properties. In
1921, Valasek discovered that Rochelle salt lost iteddctric property when cooled to
below 18°C, and when heated to above 24°Ele coined the term “Curie point” to
describe the temperatures at which the Rochelle salitdoferroelectric properties. He
also noticed that the polarization of Rochelle salildéde reversed by applying an
electric field, and that the field-polarization curve RRochelle salt was subject to a
hysteresis effeét He noted that the electrical properties of Rochssle were remarka-
bly similar to the magnetic properties of iron, and désctithe unique electrical



properties exhibited by Rochelle salt as “ferroelecyritian analogy to “ferromagnet-
ism,” the term describing the magnetic properties of iron.

The importance of the ferroelectric property of Rdlehsalt was not widely recog-
nized until the twentieth century. There are severasons for the lack of recognition:
Rochelle salt contains 112 atoms per until cell, makKimgrd to manufacture properly
and very difficult to study; and Rochelle salt remainee dmly known ferroelectric
crystal until 1938 The discovery of a second ferroelectric ceramimld have cer-
tainly helped create interest in ferroelectricity, bram 1935 to 1938 Busch and
Scherrer discovered a whole new series of ferrasentystals (the potassium dihydro-
gen phosphate, or KDP famify)proving that the phenomenon existed as more than an

anomalous property in a few unique ceramics.

1.1.2 Pyroelectric Electron Emission and its Applications

In 1974, Rosenbluret al published the first study of electron emissidoe to the
heating of pyroelectric crystdls Rosenblum found that a LiNkQrystal exhibited
current densities of 1§ — 10° A / cnf? when heated slowly from room temperature to
100°C in a vacuum. He observed that the emission frororyis¢al was still significant
when a 5 kV retarding potential was applied. It is probdbkrefore, that the electrons
created in Rosenblum’s experiment created x-rays viaaitien with his current
measurement apparatus, but pyroelectric x-ray generatoidvihave to wait for more
than a decade to be discovered.

In 1992, Brownridge published an article detailing the fiesults from a pyroelec-
tric x-ray generatdr He recognized that the energy of the electrons regadoy
researchef¢ ' 21955ty dying ferroelectric electron emission [FEE] washhégough to
fluoresce a metallic target. He used the electronsteamity pyroelectric CsNOto
fluoresce the L-shell electrons in gold, thereby beginnnegstudy of x-ray generation
via pyroelectric electron emission. Amptek, Inc.pinsd by Brownridge’s results, has

" In this work,electron emissiorefers to the field emission of electrons from pyrcele crystals. This is
in disagreement with J. Brownridge, who believes thatptimary source of electrons from pyroelectric

crystals is field ionization, not field emission.



since developed a battery-powered, pocket-sized, pyroelectriy devicé?, thus
showing the commercial applicability of pyroelectricay technology.

Brownridge continued his research of pyroelectri@x-generation. He has pub-
lished results indicating that the electron emissiomfa cylindrical LINbQ or LiTaGOs
crystal is self-focusing, nearly monoenergetic, and lwamp to 170 keV in enerdy
Brownridge later observed the production of 100 keV positive beams were also
produced by the heating or cooling of a pyroelectric aiyst

1.1.3 Neutron Production

The usefulness of pyroelectric electron and x-ray@uwas thus demonstrated by
Rosenblum and Brownridge. Researchers then soughteadegyroelectric radiation
generation to the production of neutrons. In 2004, Geuther andrCproposed that the
ion emission from pyroelectric crystals could be usedabricate a low-power fusion
neutron sourcg, and presented an outline for how such a device couldiite hater,
they experimentally verified the ability of pyroelactcrystals to ionize gas using a
magnetic deflection experiméft

Naranjo, Gimzewski, and Puttermfamublished a paper in 2005 showing the pro-
duction of neutrons using a pyroelectric crystal. Theyumbed a copper disc and
ionizing tip to the surface of a 30 mm diameter x 10 mm thibkum tantalate crystal,
and cooled the crystal to 77 °K with liquid nitrogen. Yigen heated the crystal using
a resistor, while maintaining a dilute deuterium gas envisotim During heating, the
crystal became positively charged, and accelerated deutddns into an erbium
deuteride (Erb) target. Fusion was observed during these experiméatwjrgy for the
first time that pyroelectric crystals could be used t&ere@aneutron source.

The following year, Geuther and Danon demonstrated [@ewE fusion with a
paired-crystal source in which one crystal ionized deutegas with a 70 nm tip, while
a second crystal in reverse polarity and coated witbugerated polystyrene ( 4Qsg)n- )
target doubled the acceleration potential and acted dadiom target. This source did
not immediately provide a benefit in terms of the newtyield. However, due to
engineering improvements such as the use of thermoelé&eiting and cooling instead
of cryogenic cooling, this work demonstrated that portabfegigctric neutron sources
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could were feasible. Later work by Geuther and Danon stidtat after minor modifi-
cations, the paired-crystal source was competitive thighsource developed by Naranjo

in terms of neutron yield.

1.1.4 Summary

It seems, therefore, that the study of pyroeleatrigstals has progressed at an
accelerating rate. The first physical effects of placteicity were observed millennia
ago, the properties were identified as electrical inngatenturies ago, the first series of
pyroelectric and ferroelectric materials were disged in the last century. The same
accelerating rate of progress can be seen in theiasusadiation sources: Rosenblum’s
paper on electron emission from lithium niobate was potistwenty-nine years ago;
Brownridge’s paper on x-ray emission from cesium retréifteen years ago; Naranjo’s
paper on neutron production was published only two years ago.

At RPI, contributions to the growth of this scienceéhédeen made in many ways to
be discussed in detail later in this thesis. Pairedargsurces were demonstrated as a
means of creating high-energy x-rays. It was showhekternal electron beams can be
extracted from a pyroelectric source. Finally, tinst fpaired-crystal pyroelectric neutron
source was developed at RPI. This is also the only wognkyroelectric source that can
easily be made into a portable source.



2 Physics of Pyroelectric Crystals

2.1 Spontaneous Polarization and the Pyroelectric Effect

Pyroelectric crystals are anisotropic dielectricenats that are polarized at equilib-
rium conditions. That is, with no external appliédld, the net integrated dipole
moment per unit volume in the crystal is not zero. & thystal is cut such that its
surfaces are perpendicular to the axis of polarizatiogr, one surface will exhibit a
positive surface charge and the other will exhibit a treg@urface charge. At equilib-
rium, the polarization is screened, and is not reamliigerved. The magnitude of the
crystal’s polarization with no applied electric figlar temperature gradient) is known as
the spontaneous polarizatioRs.

The change in the spontaneous polarization due to a charigetantperature of the
crystal is known as the pyroelectric effect. Iths effect that can be exploited to create
the large electric fields necessary for the emissioglertrons and production of useful
radiation. Consider a cylindrical crystal cut such thapolarization axis (which shall
be referred to as the z-axis) is perpendicular tolatsfdces. This crystal is spontane-
ously polarized at a value d¥, but screening and charge relaxation prevents the
observation of any electrical properties. Howeveremtthe crystal is heated, the
polarization changes by a vald®,, which causes a surface charge to appear at the z+
and z- crystal surfaces. The amount of surface chaogkiped per unit area is equal to:

o=yIAT ()
wherey is the pyroelectric coefficient of the crystal afiiis the change in temperature.
It is important to stay below the Curie temperaturehef crystal (if the crystal is in-
tended to be re-used), above which most crystals becompalar and the pyroelectric
properties will be lost.

Table | - Pyroelectric properties of selected crystaté.

Crystal Type Pyroelectric Coefficient®, pC | Curie Temperature,
(Common Name) / m2°K o) 219,20,21,22,23
BaTiO; 100 393
CsNG 4.3 427




LINbO3 40 1480
LiTaOs 190 813 -973
Pb(TissZr 52) O3 550 693
(PZT) (for Pb(TissZr 42)O3)
NaK C4H4O6-H,O 20 lower = 255
(Rochelle salt) upper = 297
(NH2CH,COOH)-H,SOy 250 322
(Triglycine sulfate, TGS
(ND2.CH,COOD)-D,SO, 270 336
(Deuterated TGS, DTGS)

The formation and change of the polarization of thestal is best described by a
ferroelectric hysteresis loop, such as the one showigure 2.1. The loop is plotted on
a Cartesian plane with the polarization of the crystalthe y-axis, and the applied
electric field on the x-axis. A virgin crystal begiasthe origin, with no polarization.
As the applied electric field is increased, the polaiomaincreases along a curve from
point a to pointb. Once all of the dipoles in the crystal are aligribe, polarization
saturates, at point. The spontaneous polarization results from the ttaat once the
external field is removed, the crystal’s polarizatitoes not return to zero. Instead, it is
reduced only slightly from the saturation polarizatianatvalue known as the remnant
polarization (pointd). The spontaneous polarization is given by the lineapriated
from the linear part of the hysteresis loop (segnbehtback to the y-axis, at poimef.
The ferroelectric hysteresis loop can be seen to be gunigar to a ferromagnetic
hysteresis loop. Indeed, ferroelectric materials arecalled due to their analogous
behavior to ferromagnetic materials. In a ferromégnbysteresis loop, the y-axis
would represent the flux densitl, while the x-axis would represent the applied field
strengthH. It is observed that ferromagnetic materials woatdin a residual magneti-
zation after the removal of the external magneeddfi just as ferroelectric materials
retain a residual polarization after the removal ofetkiernal electric field.



Figure 2.1 - Ferroelectric hysteresis loop showing thénhange in polarization with an applied electric

field. Refer to Section 2.1 for a description of pats (a) - (e).

2.1.1 Properties of Lithium Tantalate and Lithium Niobate

The two most common pyroelectric crystals for useadiation generation experi-
ments are lithium tantalate [LiTaPand lithium niobate [LiNbG]. The unit cells of
these crystals consist of lithium and tantalum (obmim) ions located in the center of
rings of oxygen ions, as depicted in Figure 2.2. The dipolment of these unit cells is
non-zero, such that when the crystal is poled usingeatrigl field, the dipoles align and
create a structured, polarized crystal in which the sp@aus polarization corresponds
to the average dipole moment over the crystal volimBuring heating or cooling, the
positive (Li and Ta or Nb) ions move relative to thegey ions, causing a change in the
dipole, ergo a change in the spontaneous polarization.



Z-axis

Figure 2.2 - Sketch of a lithium niobate unit cell irthe ferroelectric phase, drawn in RASMOL?* 2.7
using exact ion coordinates.

Lithium niobate has a higher spontaneous polarizatam lithium tantalate, at 0.7 C
/ m? (LiNbOs) versus 0.5 C / i(LiTaOs)®. Both crystals exhibit a single phase transi-
tion, in which they go from a ferroelectric phase to aaelectric phase at their
respective Curie temperatures. While their high Curie ésatpres are seen as an
obstacle by scientists exploring the material propertié these crystals, high Curie
temperatures are favorable when producing pyroelectriatial sources. Due to the
extraordinarily highTc of LiTaOs; [620°C] and LiNbQ [~1200C], the engineer can
safely ignore the danger of transitioning to the parérdephase when designing a
lithium tantalate- or niobate-driven radiation source.

The lithium tantalate unit cell is 515.2 pm wide and 1377.8 png I(z-axis).
Lithium tantalate is almost identical, at 514.8 pm widd 4886.7 pm long. As lithium
tantalate is heated from room temperature to its Gaoiet at 620°C, the oxygen ions
are displaced 17 pm in the +z direction, the lithium i® displaced 43 pm in the —z
direction, and the tantalum ion is displaced 3 pm in-thedirection. Similarly, as
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lithium niobate is heated to its Curie point of ~1200°C,akygen ions are displaced 20
pm in the +z direction, the lithium ion is displaced @ in the —z direction, and the
niobium ion is displaced 6 pm in the —z directionTherefore, the average change in
distance between the positive and negative ions per unjietatare is greater for
lithium tantalate than lithium niobate, which is manif@stthe higher pyroelectric
coefficient (change in polarization per unit change ingerature) of lithium tantalate.

The effect of the ion movement is that lithium taataland lithium niobate become
de-polarized during heating. Therefore, the z- ¢i€.;2 surface of the crystal exhibits a
net positively charge on heating and a net negativegeham cooling. The z+ surface
exhibits a net negative charge on heating and a netyeosktarge on cooling. This is in
agreement with Brownridge and Shafroth, who report tatysray emission on heating
and target x-ray emission on cooling when the -z basgpesed.® In other words, as
the lithium tantalate or lithium niobate crystal isates, its z- surface becomes less
negative (due to depolarization), causing a net positivegeha This results in the
acceleration of electrons from the surrounding envirotnerthe z- surface of the
crystal, causing x-rays characteristic of the crysidbe observed. During cooling, the
crystal becomes re-polarized. The z- surface then geigative charge, causing it to
emit electrons toward a grounded or positively-chargedttarge

2.2 Formation and Decay of the Electret State

The charge formed on the surface of the crystal daleet@yroelectric effect can be
neutralized over time due to the relaxation of chargeutih the crystal bulk. However,
most pyroelectric crystals are excellent insulat@nsd the time constant of charge
relaxation,

r=¢lo (2)
is quite large. This results in the formation of a ispenmanent dipole state, known as
an electret state. When designing a pyroelectric radiation soutcis, important to
choose a pyroelectric crystal with a long-lastingcekt state. Lithium tantalate, for
example, has an electrical conductivity'of = 2.2 x 10 (@ cm?) and a dielectric
constant of e33 = 460, whereso, the permittivity of free space, has a vafuef 8.854 x
10" F cmi'. This gives a relaxation time constant of 1850 secondsnimg that it
9



takes roughly half an hour for the surface charge to dhecesl by a factor of due to
relaxation. Electron emission experiments withilim tantalate suggest that the relaxa-
tion time may actually be much larger, in accord withs@&uman'®’ calculated time
constant of z = 1¢ - 10’ s for LiNbOs, which is structurally very similar to LiTaO
Therefore, lithium tantalate and lithium niobate bo#véh very stable electret states,
which allow their consideration as crystals for uspyiroelectric radiation sources.

2.3 Thermodynamic Properties of Lithium Tantalate

Lithium tantalate has a thermal conductivity°of5 mJ / (cm second) and a heat ca-
pacity of approximatefy 26 cal / (mofK), or ~470 J / (kdK). While the heat capacity
is low, (and similar to that of molybdenum), the thatmonductivity is extremely low,
and is approximately equal to that of fiberglass buildinglat®or?.

To test the ability of a heat source located at tlok lod a crystal to heat the entire
crystal to a usef T, a simple experiment was performed in which a thermdeomas
mounted to each end of a 20 mm diameter x 10 mm thick cylaidmgstal. The crystal
was heated with a heating resistor for 10 minutes in a wa@fu~10" Torr. It was
found that the exposed surface (front) of the crysiatined the same temperature as the
back of the crystal, but was out of phase by one mingt&ee Figure 2.3). During
cooling, the time rate of change of the temperature atrdheé of the crystal was slower
than the rate of change in temperature at the badkeodrystal. Since the front would
have been the emitting surface in an experimers,ifhportant to bear this difference in
cooling rate in mind when mathematically modeling the réteharge emission (as in
Section 3.3.3), especially since temperature measuremesungucted at the back
surface of the crystal during radiation-generation erpenis.

Figure 2.4 shows a similar experiment in which a 5 mm x50 mm rectangu-

lar crystal was substituted for the 10 mm x 20 mm (diglindrical crystal. The

" Rosenman calculated this value using the same formu @esented here, = ¢/o, wheree is the
product of the dielectric constant of the crystal tirttess permittivity of free space, amdis the crystal

conductivity.
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difference in temperature across the crystal is greidwam with the larger crystal.
However, the temperature difference between the &odtback was still only 7°C.
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Figure 2.3 - Measured temperature at the front and back stace of a 10 mm thick x 20 mm diame-

ter cylindrical LiTaO ;3 crystal. The back of the crystal was epoxied to a heati resistor, which

supplied 4.5 W of power to heat the crystal over 10 mites.
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Figure 2.4 - Measured temperature at the front and back o& 10 mm thick x 5 mm x 5 mm LiTaQ
crystal. The crystal was heated for 10 minutes and thenlalved to cool. The back of the crystal was
epoxied to a heating resistor.

The difference in the heating profile between tha {6 mm diameter) 1 cm-thick
crystal and the thick (20 mm diameter) crystal is ergldiby considering the crystals to

be fins. The effectivenesg, of a cylindrical pin fin is given b¥:

4k
‘Spinfin = E (3)

In this equationD is the crystal diameteh is the heat transfer coefficient, akas the

thermal conductivity. Therefore, the fin effectnss is proportional to the inverse
square root of the diameter, and the effectivenésas20 mm diameter crystal at enhanc-
ing the heat transfer via radiation is one half ¢fiectiveness of the 5 mm diameter
crystal. This difference in heat loss from theesicf the crystal explains why the
difference in temperature between the front ank lsddhe crystal was greater for the

narrow crystal (Figure 2.4) than for the wide cay¢Figure 2.3).
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Figure 2.5 shows the temperature profile measurédeafront and back of a 5 mm
x5 mm x 20 mm thick LiTa@crystal heated by a resistor mounted to the baskihe
figure shows, for a 20 mm crystal, it is diffictdt heat the entire crystal to the tempera-
ture measured by the rear thermocouple. The tanperdifference after 10 minutes of
heating was 47°C. This helps to explain the diffic observed in scaling the accelera-
tion potential of a pyroelectric radiation sourgeusing thicker crystals (to be discussed
in Section 4.3).
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Figure 2.5 - Measured temperature profile of a 5 mm x 5 mm 20 mm LiTaOs crystal, showing the
difficulty in heating the emitting surface (front) of the crystal to the temperature measured at the
heated surface (back) of the crystal.

2.3.1 Applying the One-Term Transient Conduction Model to LiTaOs Crystals

When the crystals are heated or cooled in vaculbenheat transport is governed by
radiation between the crystals and the surroundialis and the conduction of heat

through the crystal. Heat loss from the crystal oacur either by radiation to the
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vacuum chamber walls or conduction to the heat #in&ugh the heating resistor or
thermoelectric cooler.

It is of interest to consider the magnitude oémperature difference which can exist
between the crystal surface and edge, since ttiialt@mperature profile has been used
to explairf* the charge focusing phenomenon discussed in Qhaptehe charge profile
of a cylindrical crystal can be determined by cdesing an isolated crystal heated to
150°C and then placed in a vacuum at room temperaflihe heat equation is separable,
such that the solution to the radial componenthef ¢quation is not affected by the
solution to the axial component. The time-depahdadial component of the solution
for a cylindef? is:

o= "o -5 4 e~ A?r(t))Jo(”i—r} @
Tt — Tos i=1 a
wherer is the radial dimensionTiy; is the temperature at the interface between the
cylinder and the surrounding mediumm, is the temperature of the surrounding medium,
A is a constantj; is theith eigenvaluer is the non-dimensional time (Fourier number),

anda is the radius of the crystal. The Fourier numbegiven by:

alt
r(t) = E (5)
Here,L is the half-length of the crysfahnda is the thermal diffusivity:
a=—X ©)
prC,

wherek is the thermal conductivity; is the density, an@, is the heat capacity. If the
Fourier number is greater than 0.2, then the higteroterms of the solution can be
assumed to have died out, and the solution carppeximated to within 2% errdfr

using the first term only:
o(r,t) = A expl- Afr(t))Jo[%rj 7)

For the crystals typically used in this thesis (<df in radius), this requirement is
equivalent to demanding that several seconds htamgsexl, which is a reasonable

¥ The half-length is the axial (z) distance from the eeqf the crystal to the edge.
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assumption due to the long time scale of most pgctéc radiation generation experi-
ments. (For a 1 cm thick, 2 cm diameter crystak tondition is met when t > 2
seconds). The eigenvalues can be found in tidescalculated using the transcenden-

tal

Bi
cotAd =— 8
; (®)

The Biot numbeBi is calculated using the equation:

._hlL
Bi=—— 9
. ©)

Typically, the value forh used in calculating the Biot number is the coneecheat
transfer coefficient. However, since pyroelectadliation generation experiments are
conducted in vacuum, the radiation heat transfefficeent is employed instead. This is
found using?

ho = (T2 +T2)T,, +T.) (10)
wheree is the surface emissivity, alds the Stefan-Boltzmann constant. Table Il lists

the Biot number, first eigenvalue, and edge tenipegao centerline temperature ratio

for LiTaO; crystals of various sizes.

Table Il - Calculated Biot number, first eigenvalue, andratio of edge temperature to center tem-

perature for lithium tantalate crystals of various dimensons.

Half-length, | Crystal radius,| Tin - Te Bi M T(r=a)/
L [cm] a [cm] [°C] T(r=0)

0.5 0.25 130 0.012 0.109 0.997

0.5 1 130 0.012 0.109 0.997

0.5 1.5 130 0.012 0.109 0.997

1 0.25 130 0.023 0.151 0.994

1 1 130 0.023 0.151 0.994

1 15 130 0.023 0.151 0.994

Depending on the size of the crystal, the tempesatithe interface with the vacuum is
99.4 - 99.7% of the centerline temperature. Figu6eshows the temperature profile of

a crystal equal in size to those used in many efpyroelectric electron emission ex-
15



periments presented in Chapter 5, and suggestshhalifference in temperature across
the surface of the crystal is insufficient to ceeat great enough pyroelectric charge

difference to result in focusing.

1.000

TN /T,

0-995 L I L I L I L I L I L I L I L
-1.00 -0.75 -050 -0.25 0.00 0.25 0.50 0.75 1.00

r [cm]

Figure 2.6 - Calculated temperature profile of a 1 cm-thik, 1 cm-radius LiTaOs; crystal using the
one-term approximation. Solution valid to within 2% after t = 2 seconds.

The exponential decay term in the one-term appration gives the rate at which a
crystal at a uniform temperature responds to adtapge in temperature. The solution
of this equation for a 1 cm thick by 2 cm diametgindrical crystal at 150°C suddenly
immersed in an environment at 20°C shows that tistal temperature would change
with a “half-life” of 174 seconds. That is, if tlexponential term stayed constant as the
crystal temperature changed from 150°C to somevadue, then the crystal temperature
would change half-way to its final value in 174 geds. A 20 mm thick x 20 mm
diameter crystal would half a temperature “hakliiof 351 seconds under the same
conditions.

This approximation cannot be used to estimatedimperature of the crystals as they

cool, because it does not include heat loss dusnduction. Also, the constant in the
16



exponential depends on the crystal temperatureg sinis based partially on the radia-
tion heat transfer coefficient. However, it shothat the thermal response of crystals
becomes slow as the crystal thickness increasek thamefore this example helps to

illustrate the inherent difficulty in rapidly heagj and cooling large (i.e., thick) crystals.
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3 Electron Production with Pyroelectric Crystals

The first investigation of pyroelectric crystalssmirces of useful radiation was pub-
lished in 1974 by Rosenblum, Braunlich, and Carficdhey found that a LiNb®
crystal, when heated from room temperature to 108@ rate of 20°C per minute,
emitted electrons at a current in the range df100° amperes.

Pyroelectric electron emission is an important pimeenon, since the electrons can
be used for materials testing, x-ray fluoresceace, may be used for medical applica-
tions. Just as important, however, is that theewstdnding of the electron emission
mechanisms from pyroelectric crystals leads toebethderstanding of the capabilities of
pyroelectric radiation generators in general. Tiki®ecause electron emission is the
major mechanism for the re-establishment of equuiih after a pyroelectric crystal is
heated or cooled in a vacuum. Therefore, if tleetedn emission properties can be
characterized, so can the time dependence of #wriel field, which is of crucial
importance for the use of pyroelectric crystals-#ay and neutron generators.

In this chapter, experiments performed to measugeetectron emission from lith-
ium tantalate crystals will be presented. Evidemicgpacketed” electron emissidwill
be shown, and a mechanism for this phenomenonbeikuggested. A mathematical
model for the time-dependence of the crystal's ghaand electric field will then be
developed, and will be shown to correspond to ¥peementally-observed current.

3.1 Electron Measurements with a PIPS Detector

In early experiments, it was hypothesized thatotbgerved x-ray spectra, which con-
sisted of counts over a broad energy range, wefacinthe result of a monoenergetic
electron beam hitting the target. The reasonudspscting this was that a monoenergetic
electron source produces a bremsstrahlung continnitma maximum x-ray energy
equivalent to the electron energy. Since it wdiebed that the electrons all came from
the same location (the crystal surface) and wecrelaated by the same field (the
acceleration field between the crystal and theetdrdgt made sense that they would be
monoenergetic. In fact, a MCNP simulation showleak the observed x-ray spectra

were similar to those expected from a monoenergeticce.
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In order to verify that the pyroelectric electrayusce was monoenergetic, a direct
measurement of the electron emission was condutied) a collimated PIPS surface
barrier detector.

3.1.1 Experimental Setup

A 5 mm diameter x 10 mm cylindrical LiTa@rystal was aimed at a collimated de-
tector, such that the crystal would emit electrtmwsard the detector during the cooling
phase. The detector was a Canberra PRS00-19-AM detector, collimated by a 12
mm-thick aluminum block with a 0.1 nfreylindrical aperture. [See Figure 3.1]. The
vacuum pressure during these experiments was tipiba 20 mTorr. The crystals
were heated for 600 - 1000 seconds with 4 W of pcamel were then allowed to cool
naturally. The electron detector output was serdrt Ortec 142 IH preamplifier. The
signal from the preamplifier was sent to an amglifvith a discriminator setting corre-
sponding to 15 keV electrons. Electronic noises@néed the measurement of electrons
below this energy.

8 PIPS = Passively Implanted Planar Silicon
19



a — Heating resistor
b -5 x5 x 10 mm (z) LiTaO; crystal, -z surface exposed
c—0.5-1 mTorr vacuum

d — 12 mm thick SST collimator with 0.3 mm? aperture

7.

_

/////j/ %,

Figure 3.1 - Experimental setup for the measurement alectron emission using a PIPS detector.

7

8cm

3.1.2 Results

It was observed that the electron emission washynearnoenergetic, with an energy
that changed as the crystal cooled. As the coqlingse begins, no emission is ob-
served. After several minutes, a low-energy etecpeak begins to be seen above the
discriminator level of the detector. For the nw minutes, both the energy and the
count rate increase, until the electron energyhesats maximum value (for example,
143 keV at t = 451 seconds after the beginninghefdooling phase, as in Figure 3.2).
After this point, the count rate and electron egpetgcrease slowly until charge equilib-
rium is re-established.

These experimental observations can be explaingtiéoypuild-up of charge due to
the pyroelectric effect, and its reduction due lecton emission: At the beginning of
the cooling phase, the crystal is at electricalildgjium. As it cools, the pyroelectric
effect results in the formation of a surface chakgeich in turn causes an electric field
to develop. When the field becomes large enougli &lectron emission at the crystal

surface can occur. As the charge increases duoaoting, the field strength and rate of
20



field emission also increase, until the chargedugldue to the pyroelectric coefficient
is too slow to overcome the loss of charge dueidll mission, and can no longer
increase the field.

The peak shape observed in Figure 3.2 is thatlafge peak followed by a low tail
of fairly constant height. This shows that mosttleé¢ electrons are emitted from the
same location (the surface of the crystal), sifm@y tmust be accelerated by the same
potential to be observed as a monoenergetic pe#tkebyIPS detector. The low tail may
represent electrons created by ionization in the dehis could be tested by performing
this experiment at different gas pressures to &ebei size of the tail was pressure

dependent, but such a test was not performed iothésis.
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Figure 3.2 - Time-varying monoenergetic electron emissiofrom a pyroelectric crystal during a

cooling phase.
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3.1.3 Multiple Electron Peaks

The narrow (0.3 mfy collimator aperture used in electron detectiopeginents
was used to reduce the pulse pileup that occuridd awvider aperture. When wider
apertures were used, it was observed that mulgfdetron peaks could be observed
during the electron emission phase. These peaksspmnd to the simultaneous interac-
tion of multiple electrons with the PIPS detectdRemarkably, the magnitude of the
pileup peaks greatly exceeds the magnitude expdotedandom electron emission.
Instead, it appears that the electrons can beeitt“packets.” This behavior was also
observed by Brownriddga

Figure 3.3 shows a spectrum taken during the cgaina 20 mm x 5 mm x 5 mm
LiTaO; crystal heated for ten minutes to a maximum teatpee of 165°C, and then
cooled to room temperature in a 0.74 mTorr vaculine detector was collimated by a
12 c¢cm aluminum block with a 1 nfraperture. Specifically, Figure 3.3 shows the
electron emission near the end of the cooling phasé¢he crystal cooled from 32°C to
28°C. The first peak in the spectrum shows thatelbetron energy was 100 keV. As
the figure shows, peaks corresponding to the samatius measurement of up to 7

electrons could be seen, with the first six peakadvery clear.
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Figure 3.3 - Multiple electron peaks observed during té cooling of a 20 mm thick LiTaQ crystal.

The detector used in this experiment can be assumbée paralyzable. The prob-
ability of an electron being measured in ttie pileup peak of a paralyzable detector is
given by*:

Pry=e"(@1-e")" (11)
wheren is the true count rate ands the effective pulse width. In Figure 3.4, twants
per peak for the spectrum shown in Figure 3.3 dotga against the expected counts
per peak for the detector, modeled as a paralyzdikctor with a 4@s effective pulse
width. (An oscilloscope was used to measure aaghulse widths from the detector,
after the preamp and amplifier. The pulse widtls weeasured at 5. It was assumed
that two pulses could be discerned from each aifter 40ps.) As Figure 3.2 shows,
each peak has a tail corresponding to the electronsimpact ionization in the fill gas.
To account for the tails (which comprise the camim region beneath the well-defined
peaks in Figure 3.3), the area of p@akas estimated as the area beneath the peak and
tail up to the maximum energy of the peak, minus déinea below a horizontal line

23



extrapolated from the tail of pealt1 to the y-axis. In this way, the tail area of each
peak of a higher index was not included in the &stamate for the preceding peaks.
Figure 3.4 shows that a comparison of the meagueakl area versus the calculated peak
area suggests that the electron emission is noplevety random. If it was, then there
would only be three clearly discernable pileup pealot six.

This phenomenon may be due to ions from impadkzaion events impacting the
crystal surface and simultaneously freeing multigllectrons from the crystal. These
electrons would be accelerated by the same fiald, ould therefore have a high
probability of reaching the detector simultaneouglhe only reason for the probability
of the simultaneous measurement of such electronbeaing unity is the distribution of

their initial direction and kinetic energy).

10000 F T T T | T | L 1 L 1 L) 1 ! E
F —m— Counts per Pileup Peak, Observed |1
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1000 £ o\_ ;
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Peak Energy [keV]

Figure 3.4 - Counts per pileup peak from an electron ersgion spectrum compared with the counts

per peak exptected from a paralyzable detector model #i a 40 microsecond pulse width.



3.2 Direct Measurement of Electron Current

In order to better understand the electron emismm pyroelectric crystals, several
experiments were conducted in which the electrareoti was measured directly using a
conducting plate and a current meter. The mostmokd of these experiments is
discussed in later in this chapter. However, afieeasimpler experiment also led to
some important conclusions.

Figure 3.5 shows the geometry for this experimextlO mm thick, 20 mm diame-
ter cylindrical LiTaQ crystal was mounted to a thermoelectric coolehgbhat electron
emission from the crystal would strike a coppetelaA wire connected to the copper
plate would then carry a current signal to a HP248Rjital multimeter. The multime-
ter was set to integrate over 1000 power line oy¢lE5.67 seconds) and return an
average current value. The pressure for the exgeeits was typically 30 mTorr, and the
temperature range was from room temperature (265@) maximum of 70°C over 450

seconds.
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a - Signal to current meter

b - Insulator

¢ - 3cm x 3 cm copper plate on bracket

d - 20 mm dia. x 10 mm lithium tantalate crystal

e - Thermoelectric heater

f - Heat sink

i
i
e
i
e
i
e
i
e
i
e
i
piiiti
i
i
b
it

3

£
£

S
23

b
b

e
o0

i

i

e
0

i

i

e
o

i

i

e
o

i

i

i
e
o

i

i

ok

e
i

o

£
£

E?
&%

i

o
i

i

b
£

b

*
¥
E
b
o
o
o
&
&
&
&
&
&
¥
o
)

&
e
et

£
£
3
35

e
e
e
e
R
R
S
S
SRt
SR
S
R
S
S
S
S
S
S
S
S
S
e
e
e
e
e
e
e
R
S
S

3
2
2
2
2
£
o
o
o
o
o
o
2
i
2
2
2
2
2
2
2
2
2
2
2
2
2
o
i

it
o

o
3
33
&
o
&
o
)
5
i
3
2
2
2
2
2
2
2
&
2
&
o

3
%
£
£
£
i
25
25
£
£
£
5
£
£
£
£
£
25
£
£
£
&%
£
&%
%
£
£
£
o
i

e
e
e
s
R
R
SR
e
e
i
i
s
e
e
e
e
SRR
e
SR
S
S
S
S
S
e
e
e
s
R
SR
e

i
£
£
&
!
s
o
o
o
o
o
Sk
o
o
o
o
2
2
i
2
2
2
£
£
£
&
!
o
o

b

5

s

i

i

i

i

&
&

3

3

5

i

£

i
i

”
&
i
e
i

o
e
R R R,

e oot et et e ettt

byt

byt

byt
£

£
o

o

Figure 3.5 - Experimental setup for direct current meastement from a pyroelectric crystal. The
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Figure 3.6 - Emitted electron current measured during tle heating of a 20 mm diameter x 10 mm
thick LiTaO j; crystal.

In a subsequent experiment, the same apparatugsedsbut with a 5 mm x 5 mm x
4 mm (z) lithium tantalate crystal in place of tlheger crystal depicted in Figure 3.5.
The temperature of the crystal was automaticallgledd from 20°C to 90°C using a
temperature controller. Each heating cycle last@d deconds. The integration time on
the digital multimeter was set to 300 power lineleg (5 seconds). The pressure was
16.5 mTorr. The results are shown in Figure 3.7.

The average charge emitted per heating or coplrage was 1.12 nC. The expected
charge per cooling phase, basedAdn= 70°C, is 332 nC. Therefore, there was an even
more pronounced difference between the emittedgehand the charge expected from
the pyroelectric effect when using the smaller @lys There are two reasons for this
discrepancy. First, the heating cycle was mor&raguch that the emitting face of the
crystal did not get cycled by the full 70°C tempara gradient. Second, the use of a the
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thinner crystal meant that the distance to theetawns increased, while the distance to
the heat sink was decreased, so the electrons hagher probability of following field
lines which would hit the base instead of the tatgan in the experiment with the large
crystal. Figure 3.7 shows that the magnitude efaharge emission during the heating
phase is roughly equal to the charge emitted dutegcooling phase. This is to be
expected, since the pyroelectric coefficient is $hene during heating and cooling, and
the thermal cycle of the crystals was such thatbgnitude of the temperature gradient
was the same during heating as it was during cgolin

1000:'|'|'||'|'|'|-|-|-:
] h = heating |
< ¢ = cooling |
=
: |
=
S
o 100
5 ]
(@)
(2]
o]
<
5
= h c h C h c h C h
] 10—_
O 1
1 ! | ! | ! | ! | | ! | ! | ! |

L) L) l L)
0 85 170 255 340 425 510 595 680 765 850
Time [s]

Figure 3.7 - Magnitude of current between a 4 mm thick 6 mm x 5 mm lithium tantalate crystal
and a copper plate.

3.3 Production of an External Electron Beam

3.3.1 Introduction

Due to the proven ability to produce compact, ol radiation sources with
pyroelectric crystals, experiments were conductedétermine whether pyroelectric

crystals could be used to produce electron beaiesre to the vacuum chamber. Such
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sources may be useful in various medical, industaiad research applications. This
series of experiments resulted in data usefulfermhathematical modeling of the charge

emission.

3.3.2 Experimental Apparatus

For these experiments, 10 mm thick Lika€rystals were mounted to heating
resistors. Both 5 mm x 5 mm rectangular crystald 20 mm diameter cylindrical
crystals were used in this experiment. The crystare aimed at a 1 mil beryllium
window mounted over an opening in a flange on theuum chamber. A shielded
Faraday cup was mounted outside of the window, mnogiided a current signal to an
HP3458A digital multimeter. A thermocouple conmetto the heating resistor provided
temperature indication via connection to an HP34%idital multimeter. Figure 3.8

shows an illustration of the experiment geometry.

a - BNC output

b - Faraday cup with Al shield

¢ - Amptek XR-100CT detector

d - Vacuum chamber, 10 - 10 Torr

e - 5 mm diameter x 10 mm thick LiTaOj; crystal

f - 1 mil Be window
a

N

g - Thermocouple

Figure 3.8 - lllustration of the experimental geometry fo the measurement of electron emission

current from a pyroelectric crystal.
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Both of the multimeters were controlled by a LadViprogram, which stored the
temperature and current curves to an output filee Labview program read the current
from the HP3458A every 200 ms, and averaged fiveseoutive readings to give the
current at each second. After five consecutive smeaments, the program took 1.5
seconds to compute the average, plot the currehtteémperature, and store the data.
Therefore, every second of time as measured ilab&/iew program corresponded to
2.5 seconds of real time. A block diagram of thabView program is shown in Appen-
dix Ill.

The beryllium window was 16 mm in diameter andu®® (1 mil) thick. To find the
fraction of electrons expected to be transmittedugh the window as a function of
energy, a simple MCNP program was used. In thigy@am, 16 electrons in a pencil
beam were incident on a 26n Be window. AF1 (surface current) tally plane was
placed on the other side of the window. The trassion fraction of electrons incident
on the window versus energy found in MNCP is shawigure 3.9.
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Figure 3.9 - Transmission of electrons through a 1-mil Be iwdow, as calculated in MCNP4C2.

Error bars are not shown because statistical error atlapoints was less than 0.25%.

The current measured by the Faraday cup was divigethe transmission fraction
plotted in Figure 3.9 to find the total emissiofihe incident electron energy as a func-
tion of time was found using the endpoint energyxafly spectra taken every 300
seconds of experiment time, as shown in Figure.3T2e electron beam was assumed
to be at the same energy after transmission throlgBe window as it was when it
entered the window. In reality, the electron epgrgak is broadened and shifted toward
somewhat lower energy, as can be seen in Figu® 3The data in Figure 3.10 was
obtained using the same MCNP model as Figure 2i@with 10 incident particles.
The relative area of the peaks in Figure 3.10esponds to the transmission fraction
plotted in Figure 3.9.
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Figure 3.10 - Electron spectra after transmission through d-mil Be window for monoenergetic
incident electron beams at different energies. Speetwere calculated in MCNP5 with 10 incident

particles.

3.3.3 Charge Dynamics and the Fowler-Nordheim Equation

Since data had been obtained showing both the rampe rate of changecc%, and

the electron emission curren%%, it was possible to develop a method for mathemati

cally modeling the electron emission current ardharge on the crystal.
Crystal surface charge is gained through the pgobet effect, which causes a rate

of change in charge of:

dQ _ T
E—yDABc;—t (12)
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whereQ is the crystal charge,is the pyroelectric coefficient, is the temperature, and

A'is the area of the crystal. This gain in chagyefiset by losses due to charge screen-

ing, charge relaxation, and charge emission:
E = ymlﬂ - iemission_
dt dt

The screening current is negligible in vacuum, aitibe neglected in this model.

Iscreening - Irelaxa’[ion (13)

The relaxation current will also be neglected, tlweelaxation of charge through the
crystal bulk being a process which takes place avewch longer time scale than the
typical electron emission experiment. As for theaission current, it cannot be
thermionic emission, since electron emission iy @tserved during half of the heating
cycle, regardless of temperature. Electrons magrbduced by gas ionization, but this
effect can be ignored, since measurements haversti@mthe rate of ionization is much
lower than the observed electron current. FiguBesBows that, in some experiments,
the current from ionization in the fill gas candfecomparable magnitude to the current
from field electron emission. In the figure, tissshown by the comparable magnitude
of the electron counts in the peaks to the coutttertails of the peaks. (Since electrons
from the surface of the crystal are all accelerdtgdhe same potential, they appear in
the same energy peak. Electrons produced viaayezation between the crystal and
target can then be accelerated by any fractiorh@falvailable potential, resulting in a
tail). However, the electron emission experimatissussed in this section were con-
ducted at much lower pressure (21Torr versus ~18 Torr) than the experiments
which led to Figure 3.2. Therefore, the effectiafization events on the measured
current is expected to be negligible.

These simplifications field electron emission las only loss term to consider in the
charge balance equation:

D=y e (14

Field electron emission from conductors has beerudist exten-

sively*®:3738:39.404142.43 Classically, it is modeled with the Fowler-Noeith equatioft:

1/2 3/2
e = 62x10° % E? ex;{— 68x10° %} (15)
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whereireis the field emission current density in amps f,qnis the Fermi energy in eV,

¢ is the electronic work function in eV, aildis the electric field strength in V / cm.

The field emission current represented by this g#gnas due to the deformation of the
potential barrier of electrons in the conductor.ithAho external electric field, the

potential well is infinitely thick, and no chargemssion can occur. However, a uniform
electric field will cause a linear deformation imetpotential well, which will become

triangular. Image charge effects cause a roundliiige top of the barrier, as well.

The result is that the electrons now have soméegtitty of tunneling through the
barrier. As the Fowler-Nordheim equation shows] as intuition would suggest, this
probability is increased with a decrease in thekwfanction (which lowers the barrier
height and thickness), an increase in the applectré field strength (which lowers the
barrier thickness), or an increase in the Fermrggnef the conductor (which increases

the maximum internal electron energy, thereby desing the effective barrier height
and thickness).

¥ Potential barrier, no applied field
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*e, applied field
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Figure 3.11 - The potential well deformation of a conductr with a work function of 6 eV, due to a
uniform 100 kV / cm external electric field. Image chege effects are not shown.
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Since this model was developed for conductorsaiinot be directly applied to a
pyroelectric crystal, which is a dielectric matéri®ielectric materials are more compli-
cated because the population of the internal @aanergy states does not obey a Fermi
distribution, and there is an internal electriddidue to the polarization of the material.
Furthermore, Rosenm@nstates that the surface layer of a ferroelectritenial is a
semiconductor. For semiconductors, effects sudbaad-bending due to field penetra-
tion and the potential of surface impurities mustdonsidered in a rigorous motel
Additional problems arise due to the non-uniformatfythe electric field. The linear
deformation in the potential well used in the FawNm®rdheim equation does not
accurately represent the barrier deformation dua ton-uniform field caused by the
edge effects, ring charge effects (see Sectioars) the deviation from the parallel-plate
model of the electric field due to a crystal whistsmall compared to its target. These
effects cause the electric field near the crystafase to be greater than would be
predicted by a semi-infinite parallel plate model.

However, this problem is still one of with chardesind in a potential well, which is
being deformed by the application of an exterredfi It is therefore useful to keep the
form of the Fowler-Nordheim equation in a field sson current term, and fit it to
experimental data. The field emission current térem becomes:

I
i =alE exp{ E} (16)

wherea andb are fitting constants.

In order to obtain experimental data to use wiik tharge dynamics model, the data
collected from the Faraday cup was corrected biiig by the transmission coefficient
plotted in Figure 3.9. In order to choose the ecrenergy for the transmission correc-
tion, 180 second x-ray spectra were taken consesdytiluring the cooling phase of the
crystal. The extrapolated endpoint energy of thrayxspectrum was taken as the accel-
eration potential. Figure 3.12 shows four of thex spectra used for this purpose.

Figure 3.13 shows the extrapolated endpoint entogy all of the x-ray spectra
taken during one cooling cycle versus time. Alsoven is the calculated crystal charge,
found by using measured temperature data to fiedctmarge formation due to the
pyroelectric coefficient, and then subtracting gealoss due to electron emission. The
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difference in the slope of the charge and measenégoint energy plots at large values

of time may be due to the omission of relaxatiorrent from our model.
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Figure 3.12 - Four of the 180 second x-ray spectra taken totigsate the acceleration potential of the

electrons incident on the Be window.
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Figure 3.13 - Endpoint energy of all of the x-ray spectrased to estimate the energy of the electrons
incident on the Be window. The left axis shows cryat charge, as calculated with the charge
emission model.

The transmission-corrected current data was inmgota spreadsheet. The electric
field strength was estimated based on a finite etférmodel of the experiment given the
estimated potential from the endpoint energy datave in Figure 3.13. This model
was used to account for edge effects and the dewviftom the ideal point source or
semi-infinite plane geometry, but did not includegrcharge effects. Equation 16 was
then calculated numerically for every 2.5 secorasalssumed values of the Fowler-
Nordheim fitting parameters andb. These parameters were adjusted to fit the calcu-
lated data to the experimental data, watlproviding an amplitude adjustment ahd
providing an adjustment for the decay of the cur@nve versus time. It was found
that, fora = 2.5 x 10'° andb = 7.05 x 16, Equation 14 fit very well against the cor-
rected experimental data. This result suggests fitnaa known geometry, an electron
emission experiment can be used to obtain fittmgstants for a Fowler-Nordheim type
field emission current term, which allows the constion of an accurate charge balance
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equation. This equation can then be used to fiadsurface charge and emission current
of a pyroelectric crystal versus time.
The constanb can be equated to the exponent in the Fowler-Nomalequation to
provide an estimate for the work function:
7.05x10° = 6.8x 10’ [*'? (17)
This calculation yields a value @f=0.23 eV. This value seems low, but it is close to
the electron affinity of 0.25 eV for thé gurface of LINbQ calculated by Rosenm&n
(Rosenman’s calculation included changes in integlactron energy due to band
bending). An effective Fermi energy can be deteeahiby setting the constaatto be
equal to the first term in the Fowler-Nordheim etipraand entering the calculated value
of ¢:
25x107 = pgx10 VAT 023V (18)
U +0.23eV

The is equation is solved far= 1.2 eV.
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Figure 3.14 - Plot of current calculated using a charge balaecequation including a fitted Fowler-

Nordheim term versus the current and temperature meased experimentally.
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4 X-Ray Generation with Pyroelectric Crystals

The initial thrust of this research was to repkc#ite x-ray generation results ob-
served by James Brownridge of SUNY-Binghamton. vBnedge discovered that the
pyroelectric electron emission observed by Rosenkgtial’. could be used to generate
x-rays. Brownridge’s first publicatiGnshowed that emission from a CsN@ystal
could cause characteristic L-shell x-ray emissimmfgold (9.71 and 11.44 keV) if the
crystal was slowly heated from 77°K to 150°K. Hel improved his technique by
using LINbG and LiTaQ crystals, with which he was able to fluoresce kighell of
lead™ (74.96 and 84.92 keV).

This work represented the first independent cordtiom of Brownridge’s results.
Improvements were later made to his design byziuidi a paired-crystal geometry in
which the superposition of two pyroelectric fielafowed the doubling of the accelera-

tion potential, x-ray energy, and x-ray yield

4.1 Motivation

The uses of x-ray radiation sources in industry @segarch are manifold. Analytical
techniques like x-ray fluorescence can be usedeterohine the elemental composition
of metals. Crystal structure can be determinedgusiray diffraction. X-rays can be
used to image biological specimens, or to sterihzedical equipment. All of these
applications require the same tool: a safe soofrgerays.

Typically, the following methods are used to obtairays:

* Radioisotopes - Radioactive isotopes can be matwiéxt with a variety of
half-lives and x-ray (or gamma ray) emission eresgiThe limited number
of useful radioisotopes limits the available energyge. Radioisotopes are
typically inexpensive, and therefore offer a codtamtage over most other
x-ray and gamma sources. However, they cannouroed off, and there-
fore must be shielded when not in use to minimiaeger to workers. Also,
they decay with a characteristic half-life. Sosredgth a long half life are
difficult to discard safely, and those with a vesfyort half life change in
yield greatly during use, and frequently need todpdaced.

39



* X-ray tubes - X-ray tubes use a hot cathode to eaptous amounts of elec-
trons, with an acceleration potential provided by béased anode.
Advantages of x-ray tubes include moderate costtandble bias voltage.
Disadvantages include the limitation of maximumay-energy to the bias
voltage limit on the power supply, the large siZetlee machine, and the
bremsstrahlung-dominated (i.e., “white”) x-ray Spe). The lower limit of
the price range is around $8000.

* Linear accelerators - Linear electron accelergtoosluce x-rays by colliding
an energetic electron beam with a high-Z targehesé machines can be
used to produce intense x-rays at much higher gnérgn x-ray tubes.
However, linacs are large and comparatively expenswvhich limits their
use in small research facilities and in the field.

In this chapter, it is shown that pyroelectric ¢ays offer an alternative means of
producing x-rays. Like other methods, there aversd advantages and disadvantages to
pyroelectric x-ray generators. The advantages d&clu

e Cost - A lithium tantalate crystal capable of prodg 100 keV x-rays can be
manufactured for about $300. The major cost-deténg factor in the manufac-
ture of pyroelectric x-ray sources is the vacuumansber which houses the
crystal. The only pyroelectric x-ray source cutleon the market, the Amptek
Cool-X*? costs $2500. Amptek estimates the maximum lifehisf source to be
~1000 hours of active use, with a reduction insjif@n if the source is used con-
tinuously. (The limited lifespan of the sourcaitributed to the deterioration of
the vacuum over time).

» Size - The pyroelectric crystals used in publistestarch have ranged from 1/40
cnt to 7 cm. The experiments performed at RPI were all abli bnto a single
laboratory bench, including the instrumentation saduum pump. The Cool-X
IS pocket-sized, with the much of the volume de@iddo its 9V battery. There-
fore, due to the small size of the crystals andk lat shielding, pyroelectric
sources are the premier x-ray sources in termsépility.

« Safety - Unlike radioisotopes, pyroelectric sourcas be turned on and off,

which means that shielding is unnecessary whersgating the source. This
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feature also recommends pyroelectric sources toatidmal use, since students
can learn about the uses of x-ray radiation witlgyaat risk.
Like the other methods of x-ray generation, pyrcieie x-ray generators also have
several disadvantages:

* Time-dependent yield - The x-ray yield from a pyea&ic source depends on
the charge on the crystal or crystals, which presithe electron acceleration po-
tential. Since the charge is replenished by hgaaimd cooling the crystal and
depleted by the electron emission, the yield go&s zero to its maximum value
each time the crystal is heated or cooled (usuallr several dozen to several
hundred seconds). The maximum x-ray energy istate-dependent.

* Energy limitations - The maximum energy of a pyeatiic source is determined
by intrinsic properties of the crystals used in so@rce (pyroelectric coefficient,
resistivity, and dielectric constant). While it pssible that new crystals with
excellent properties for x-ray production will bésabvered in the future, the
maximum x-ray energy achievable with the best algsturrently available on
the market (LiTa@and LiINbQ) is slightly more than 200 keV.

4.2 Early Experiments
4.2.1 Single Crystal Experiments
4.2.1.1 Experimental Setup

To prevent a masking charge from the atmospher fmasking the change in
polarization of a pyroelectric crystal during a parature change, it is necessary to
perform all experiments under vacuum. These enxparis were performed in a cylin-
drical vacuum chamber, 40 cm long and with an irthameter of 7 cm. The chamber
was made of stainless steel. The chamber wasefipith quick-flange (ISO LF and
KF) flanges, which were used to mate the chambeahé¢oinstrument feed-throughs,
vacuum pump, vacuum gauges, and so on.

Two pumps were used to achieve vacuum. The hégiym pump was a Key High
Vacuum Products DFP-3000 high vacuum diffusion pumiph a nominal maximum
pumping capacity of 285 L / s at high vacuum. TDaeking pump for the DFP-3000
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was a Welch Duo-Seal rotary vane mechanical puifgs pump was also used as the
sole pump for some low-vacuum experiments, andcapable of pumping the vacuum
chamber down to 29 mTorr without the assistancéhefdiffusion pump. With both
pumps in operation, the minimum system pressureQugamTorr.

Two pressure gauges were used. The low pressugegvas a Pirani gauge, which
measured pressure from 1 mTorr to atmospheric ymessThe high pressure gauge was
a glass-tubulated Bayard-Alpert gauge, and was taethonitoring pressure below 1
mTorr. Both gauges were operated with a StanfargeRrch Systems model IGC100
ion gauge controller. A detailed description o Ndacuum system, along with photo-
graphs of the vacuum chamber and pumps, is givappendix I1.

An Amptek XR-100T-CZT cadmium zinc telluride (Cz3emiconductor diode de-
tector was placed inside the vacuum chamber. Aatrdal feed-through was used to
power the detector and carry its signals to theliéiempon the outside of the chamber.
Spectra were collected using an Aptec EAGLE / GiadgikCA.

In the first generation of x-ray production expeeims> presented in Chapter 4, a
lithium tantalate crystal was mounted to a thermcteic heater, with the*surface of
the crystal facing a copper target at 4 db6gle. The x-rays from the target would then
be reflected toward the detector, which was alsa 46 angle relative to the target.
Figure 4.1 shows an illustration of this geometrin some experiments, thermally-
conductive vacuum (high vapor pressure) grease usad in an attempt to enhance
thermal conductivity between the crystal and thatéle However, in addition to being
messy, the grease can become polarized due tdettteiefield of the crystal, and can
then crawl up the side of the crystal, thereby raiaing the charge. Therefore, it is
favorable to operate without grease, and either (ds@ silver paint or epoxy as a
thermal interface, or to simply operate withoutraerface material.
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a — Cu target

b — LiTaOg crystal

¢ — Thermoelectric cooler
d — Steel plate

e — CZT detector

Figure 4.1 - Typical experimental geometry for a pyroelecic x-ray emission experiment.

Early experiments were conducted using rectangurigtals of the following sizes:
1 cnf area x 0.05 cm thick; 0.25 érarea by 0.1 cm thick, 0.25 érarea [0.5 cm x 0.5
cm] x 0.2 cm thick; 0.25 cfrarea x 0.4 cm thick; 0.25 érarea x 1.0 cm; and 0.25 €m
area x 2.0 cm thick.

X-rays were successfully generated using the @estemitted by the pyroelectric
crystals. The maximum x-ray energy achievable wWithsingle-crystal system shown in
Figure 4.1 was approximately 30 keV, which allowledrescence of the k-shell of Cu
[8.05 keV, 8.90 keV] and the L-shell of Ta [8.15/k®.34 keV].

4.2.1.2 Cyclical X-ray Emission

Since the acceleration potential changes as th&atriieats and cools, the x-ray
emission is cyclical. For example: When the z#fame of the crystal is facing the
target, emission is observed from the target duheating. As the heating cycle pro-
gresses, the pyroelectric effect will cause anease in the acceleration potential until
the charge emitted as electrons balances withlthege generated due to the change in
polarization. After this point, the accelerationtgntial will decrease as the excess
charge is emitted more rapidly than it can be m@pleed. In the cooling phase, this
process will occur again, with the crystal actirggtiae target. X-ray emission from the
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crystal will increase in the beginning of the cagliphase, as the increase in internal
polarization results in a growth in the accelerapotential. As the cooling slows down,
and the charge is emitted faster than it is replead, the x-ray yield will decrease.

Therefore, the x-ray emission from the crystalfofes the temperature cycle, as shown

in Figure 4.2.
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Figure 4.2 - The x-ray yield from a pyroelectric source iyclical, as shown by this plot of the
relative x-ray intensity detected from a 2 mm crystal heaw and cooled at a 2 minute repetition rate.
“H” designates a heating phase, and “C” designates a coolindghase.

There were several problems with the geometry ursétigure 4.1. The placement
of the target at an angle to the crystal was ifl@ak-ray detection, but it decreased the
distance between the crystal and target (ground)althe tight spatial limitations inside
the vacuum chamber. Therefore, this geometry saaseincreased rate of discharge
versus a system in which the target is parall¢héocrystal. Also, in early experiments,
the rear face of the crystal was not typically grded. This can also cause an increased
probability of discharge, since the potential asrasd un-grounded crystal is much
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greater than the potential across a grounded ¢ryS&mce it is only the potential be-
tween the crystal and the x-ray target that mati@rdhe maximum electron energy,
there is no reason to float the rear face of tlystat. It was also discovered that, in a
paired-crystal system, the crystals had to be fixeglace, otherwise they would stick
together when charged. These, and other, problems remedied as they were discov-

ered.

4.2.1.3 X-ray Counts Versus Heating Cycle Length

It was observed that the total x-ray counts duhagting remained roughly the same
regardless of the heating rate, while the coumt safiled inverse to the heating rate. The

reason for this effect is that the total chargedpoed by a pyroelectric crystal is given
by:
dT
=y A —dt =y AAT 19
Q=yALf--dt=y (19)

and is therefore independent of the length of #etihg or cooling phase. This is true as
long as the crystal temperature change takes plaea long enough time for conduc-
tion of heat through the crystal to allow the hegtor cooling of the exposed crystal
surface. The temperature cycle must also be fasigh such that relaxation current and
screening effects remain negligible.

4.2.2 Paired Crystal Experiments

One disadvantage of pyroelectric particle accetesa that the maximum energy is
governed by the physical properties of the cryatal the temperature gradient. How-
ever, the acceleration potential for the chargedigbes emitted by a pyroelectric
accelerator can be doubled using a paired-crystate, as shall be discussed below.

Pyroelectric crystals cannot simply be stacked IKe batteries to gain an increase
in the available charge. If two identical crystadswith lengthd and a surface charge of
+ X Coulombs are stacked end-to-end, the positiveodérahe crystal and the negative
end of the other crystal will neutralize each otlesulting in the equivalent of a single
crystal with lengti2d and a surface charge ok#oulombs. Therefore, there will be an

advantage gained by lowering the system capacitamckthis will give some advantage
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over a single crystal of lengtth but not over a single crystal of leng?d. If, in a
different geometry, electrons emitted by one cilyst@ accelerated toward a grid
mounted to the positive side of a second crygtaly will gain energy corresponding to
the potential of the grid, but once through thedgthey will decelerate, negating the
advantage of the grid.

However, the most effective means of increasingetiergy of the emitted radiation
in a paired-crystal system is also among the sistpl8y using the negative surface of
one crystal as the cathode, and the positive side second crystal as the target, the
electron, ion, and x-ray energy can be doubledhceSlithium tantalate contains tanta-
lum, which is a very efficient x-ray target, thischnique causes the production of
copious quantities of x-rays. As Figure 4.4 shaws,incident electrons mostly interact
with the tantalum, with little loss due to intenact with the oxygen and lithium in the
crystals. Therefore, lithium tantalate crystalsnpare favorably even to tantalum metal
targets in terms of x-ray production. (Figure ghows that the tantalum is also respon-
sible for almost all of the photon absorption thilim tantalate crystals).

46



111
1
I + 1 I
+ 1 + ! e- | e-
+ 1 |
+ 1 _
+ \ c i ' |[KEa2qd IKEaqd
+ ' |[KEaqd :
q + o+ o+ o+
II
+ 1 + 1 IV
+ 1 + 1 _
+ 1 + 1 ¢ + 1 + 1
+ +
T '1*Y 'IKEa2qd ! e !
+ 1 + 1
+ : KE a 2qd + :
Figure 4.3 - lllustration of electron emission from: |- Single crystal; Il - Two crystals stacked end-
to-end; Il - Two crystals, with grid mounted to secord crystal; IV - Two crystals, with second

crystal acting as a target for emission from the first iystal. The kinetic energy of the emitted
electrons KE is proportional to the thickness of a single crystall and the charge on the crystal
surfaceq. In geometry I, the energy is doubled by decreasindié capacitance. In geometry IV, it is

doubled by superimposing the electric field from two rystals.
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Figure 4.4 - Electron stopping power of lithium tantalateplotted against the contribution of each of

the constituent atoms. Data taken from the NIST E-Stadatabasé®.
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Figure 4.5 - Plot showing the photon attenuation coefficig of lithium tantalate versus each of its
constituent atoms. Notice that virtually all of the phobn attenuation is due to the presence of
tantalum. Photon attenuation data were taken from XMuDat’.

It will be shown later that a deuterated target lbardeposited onto the surface of
one of the crystals in neutron production experimenthout substantially decreasing
the system potential, thereby enabling the pairgdtal technique to be used for produc-
ing pyroelectric fusion sources in addition to mlextric x-ray sources. Figure 4.3

shows an illustration of the different paired caygieometries discussed above.

4.3Maximum X-Ray Energy and Parasitic Capacitance

Gil Rosenman showed that the acceleration potebdéialeen a pyroelectric crystal
and its target can be modeled as a system of tpaciars’.
Typically, one would find the potential across arged capacitor by applying the
equation
vV =Q/C (20)
The charge produced by the pyroelectric effectrzam be substituted for Q:
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V = y[AIAT/C (21)
Finally, the sum of the crystal's capacitance dmdapacitance between the crystal
and target must be substituted €@r The crystal and target are assumed to be oflequa
area (or semi-infinite). One can then find theedexation potential:

v o VIAIAT

e Poee, A )
d, dyap

Since the relative permittivity of lithium tantadain the z-directioff is 46, one
would expect that the distance between the crgsiditarget will have a minor effect on
the acceleration potential compared to the effédthe crystal thickness. Figure 4.6
shows a plot of the potential change in a pyrodteeccelerator as either the size of the

crystal or the size of the gap is changed.
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Figure 4.6 - Plot showing the effect of fixing the crystathickness at 1 cm and varying the gap
distance (dashed line) versus fixing the gap distance atfn and varying the crystal thickness (solid
line). A LiTaOj; crystal with AT = 25°C is assumed.
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It was found that, for crystals less than 10 mmakhthe maximum x-ray energy in-
creased with crystal thickness in an almost limeanner, as expected from Rosenman’s

model, as can be seen in Figure 4.7.
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Figure 4.7 - The maximum observed x-ray energy from a pyroetéric source was found to be a
linear function of crystal thicknesss for small valueof thickness. However, increasing the crystal
thickness beyond 1 cm did not improve the electron engy.

At crystal thicknesses of greater than 10 mm, tbeeRman model predicting the
linear relationship between the crystal thicknesd #he maximum x-ray energy seems
to break down. In fact, it was observed that terage x-ray energy from 20 mm thick
LiTaOs crystals was less than the average energy from rh0timck LiTaG; crystals.
However, Rosenman’s model assumes that the oncdaps to be taken into account
are the crystal and the gap between the crystatt@ndarget. If a third capacitance is
added to account for parasitic capacitance dubddahamber, wires, and so forth, the
model agrees much more closely with experimershasvn in Figure 4.8. In this figure,
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the dashed line represents the charged capacitdelnagthout a parasitic capacitance,
while the solid line represents the model with&iF parasitic capacitance, given by:

V= . y[A[A;’ (23)
Eoly — +E&,— +08pF
d d

cr gap

A pyroelectric coefficient of 19AC / nf °K and temperature change®F = 50°K were
assumed, and the crystal area was taken to bec25ince a 5 mm x 5 mm crystal
was used to obtain the experimental data. (Thaai@mce ofa 5 mm x5 mm x 10 mm
thick cylindrical LiTaQ crystal is 1 pF). However, in order to explaie tdhecrease in
energy when crystals of above 1 cm thickness wseel,uone must return to the prob-
lems with thermal conductivity discussed in Seciod
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Figure 4.8 - The effect of parasitic capacitance on the m@ionship between accelerating potential
and crystal thickness for a 5 mm x 5 mm rectangular crystal
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4.4 Paired-Crystal Experiments

Due to the principle of superposition, the electietds from two polarized pyroelec-
tric crystals can be added together if the fieldsaligned to provide acceleration in the
same direction. If one crystal is polarized sudt it repels electrons with a potential of
-V, and another crystal attracts electrons witlogeptial of +V, then the net acceleration
potential between the two crystals becomes 2V.réfbee, an accelerator consisting of
two simultaneously heated or cooled pyroelectrigstails in opposite polarity was
proposed as a method of creating higher-energyx-taan could be produced with a
conventional single-crystal source. (It is forttem@hat one of the best pyroelectric
materials for x-ray generation, LiTgQrontains tantalum, which makes it an excellent x-
ray target.)

Figure 4.9 shows the geometry of the first expentrdesigned to test the effect of
using paired crystals on the maximum x-ray energye x-ray detector was placed
perpendicular to the heater, such that it haddingight to the surfaces of both crystals.
It was 7 - 8 cm from the surface of the crystalBhe x-ray detector was inside the
vacuum chamber, with its signal and power trangahithrough the chamber via a 15-
pin electrical feed-through. The vacuum chambes wamped by the mechanical
roughing pump. For these experiments, the crystaie heated from room temperature
to 9CC over 200 seconds, held at°@0for 50 seconds, and then cooled back t%20
The pressure was 48-53 mTorr. The crystals wetle Bonm x 5 mm x 4 mm LiTaD
crystals, with the rear surfaces of the crystalghbeeated and grounded by a copper
heating bracket. The bracket was bent to allovaysrfrom the crystal surface to be
easily measured by the detector. The crystals wteehed to the bracket with ther-
mally conductive grease, and were held apart fraohether by a triangular piece of
circuit board. They were held aloft by pieces méwt board cut to the proper height
with through-holes cut out to hold the crystals. okder to take an x-ray spectrum with
only one crystal accelerating the electrons, thgetacrystal was separated from the
copper bracket by a piece of circuit board, whicdmsvintended to prevent the bracket
from heating the crystal.
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a - 4 mm thick x 5 mm x 5 mm LiTa@rystal
b - Thermoelectric cooler
c - Copper bracket

d - Thermocouple
Z+ Z-

Figure 4.9 - lllustration of an early paired-crystal expeiment in which an angled bracket was used
to allow improved x-ray measurement.

This experiment yielded the results shown in Fegarl0. There was a slight im-
provement when both crystals were heated, buth@otibubling of x-ray energy that was
expected. The apparehi peak shift shown in the figure cannot be due hi& in
detector gain, since the rest of the peaks dicgshidt Instead, it may be due to a shift in
the yield of tantaluni,; photons relative td,, photons. Since the presence of the
spacer in the single-crystal test caused the drysthe in a slightly different position
than it was for the paired-crystal test, the pdak snay also be due to a change in the
contribution of copper L-shell x-rays in the peak.

It was thought that the presence of the circusirdobetween the bracket and the
dormant crystal in the single-crystal tests mayeheaused some unintended heating and
cooling of the crystal. It was also thought tha¢ tangling of the crystals may have
limited the maximum potential when both crystalgaeveycled by creating a “hot spot”
at the closest point. The triangular spacer betwkercrystals may have had a similar
effect, by creating a path for current to leak edwthe crystals. These considerations

were taken into account for the next paired-cryskpleriment.
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Figure 4.10 - Results from paired-crystal experiment conduted with an angled heating bracket.
The energy was increased by using a second crystal, butvids not doubled as expected.

Figure 4.11 shows the experimental geometry usdtieémext iteration of paired-
crystal experiments. Two 4 mm (z) x 5 mm x 5 mmtaagular LiTaQ@ crystals were
attached to a copper bracket using thermally-cotieigrease. The thermocouple wire
was bent into a spring to keep it in contact whte topper heating bracket. Once again,
the crystals were supported using brackets madefoperforated circuit board. The
copper bracket was grounded, and was attachedthiermoelectric cooler using ther-
mally-conductive grease. For the one-crystal sygdata, the crystal was removed from
the heating bracket by ~1 mm, and was held aldft by the bracket made from perfo-
rated board. In this way, the heating cycle fer ¢imitting crystal remained the same as
for the two-crystal tests, while leaving the targetstal dormant. Since there was no
spacer between the crystal and the bracket, tletatrgould not be heated via conduc-
tion as in previous experiments. Also, there wasspacer between the crystals, and
there was no close point to create a “hot spotthghat most of the problems with the

geometry shown in Figure 4.9 were eliminated.
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VACUUM CHAMBER, 5—-40 mT

1 - Amptek XR-100T-CZT X-ray Detector

2 -4 mm (z) x 5 mm x 5 mm LiTaO3 Crystals
3 - Copper Heating Bracket

4 - Thermoelectric cooler

5 - Heat Sink

6 - Thermocouple

.

Figure 4.11 - Experimental geometry for early paired-crystak-ray generation experiments.

Figure 4.12 shows a comparison of the x-ray spdodra the one- and two-crystal
system. As the figure shows, the energy from thieed crystal system was roughly
double that of the single-crystal system. Addially) the x-ray yield doubled, due to
the increase in bremsstrahlung efficiency resultirgn the higher incident electron
energy. The doubling of the bremsstrahlung yieddnot coincidental. The total
bremsstrahlung yield from an incident electron mérgyE, as it slows down in a target
is given by

Y(E,) = 1—: KZE, (24)

where Z is the atomic number akds a constant. Therefore, the doubling of thetele
field strength by pairing pyroelectric crystals slibdouble the energy of the emitted
electrons, and therefore double the bremsstrahfieid. The pressure for these experi-
ments was typically 40 mTorr, with the same tempeeaprofile (room temperature to
90°C) as the experiments with the angled bracket.
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Figure 4.12 - X-ray spectra from a single- vs. paired-cryat system, using rectangular 4 mm x 5 mm
x5 mm LiTaO; crystals in an early experiment.

For the third iteration of paired crystal x-rayoduction experiments, several im-
provements to the x-ray production experimentsttyaacreased the yield and energy
from both the single- and paired-crystal systemsirst, the crystals were heated with
resistors instead of a heating bracket, with dtadtiground provided by an electrode
connected to the back of the crystal. (Non-coridectpoxy was used to attach the
crystal and electrode to the heating resistor).e THads of the heating resistor were
screwed into a terminal strip on an aluminum blaokd the crystals were positioned by
bending the leads. All thermally-conductive greases eliminated from the vacuum
system, as were the brackets fabricated from pedrboard which held the crystals in
place in previous experiments. The perforated ddmackets were removed because
they were thought to increase the parasitic cagaoi of the system, and provide an
easier path to ground for sparks originating atdhestal surface. Finally, the 4 mm

thick crystals were replaced with 10 mm thick caystto decrease the system capaci-
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tance and thereby increase the maximum potenfia¢ crystals were heated from room
temperature to 15Q over six minutes and were then allowed to cotlinadly back to
room temperature. The chamber pressure for thgsrienents was typically 0.6 - 1.0
mTorr.

The increase in x-ray energy achieved throughetihesdifications allowed the x-ray
detector to be moved to the outside of the vacubamber. At this time, the x-ray
detector was also changed from the Amptek XR-10€T-@ an Amptek XR-100T-
CdTe, although as Figure 4.13 shows, the CZT dmtéets a slightly higher efficiency
at high energy (E > 100 keV).

1 -

>
O
C
ks
©
T
3
|_
—— CdTe Detector (1 mm thick) \
- - - - CZT Detector (2 mm thick) Y
0.01 ————rrr e e
1 10 100 1000

X-ray Energy [keV]
Figure 4.13 - Efficiency of Amptek x-ray detectors usechipaired-crystal experiments®.

These changes had an immediate and positive affetihe x-ray yield and energy
from the single- and paired-crystal systems. Th&imum energy from a single crystal
source increased to above 100 keV, and that ofradserystal source increased to more
than 200 keV. Figure 4.14 shows a comparisonpdiged-crystal source with a single-

crystal source using the new experimental geometry.this experiment, the paired
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crystal x-ray spectrum did not reach 200 keV, Inat thaximum x-ray energy was still

much higher than in the single-crystal experimeRor the single-crystal spectra, the
power to the heating resistor attached to the tamystal was cut at a switch outside of
the vacuum chamber. In this way, the experimepsabmeters were kept the same,
except that one crystal was not heated or cooleda separate experiment, the maxi-
mum energy from a paired-crystal source was shawretabout 200 keV. (See Figure
4.15). ltis of note that the published detecféiciency®® at 200 keV is 11%, and at 250
keV it is only 6%. Therefore, it is possible thhe endpoint energy would have ap-
peared higher with improved detection efficiencyhigih energy. Nevertheless, the plot
shown in Figure 4.15 is the highest-energy speceuen published from a pyroelectric

x-ray source, and serves as a highlight to theratdges of paired-crystal technoldgy
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Figure 4.14 - X-ray spectra from single- and paired-crystal saues, using heating resistors and 10
mm (z) x 5 mm x 5 mm rectangular LiTaQ crystals. Two summed cooling phases for each system

are shown.
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Figure 4.15 - Sum of five spectra taken during cooling frona paired-crystal pyroelectric source.

4.5 X-ray Fluorescence

One objective in the development of pyroelectmgstal x-ray generators was to
demonstrate and extend the usefulness of pyroelesiurces for x-ray fluorescence
[XRF]. XRF occurs when an electron bound to agaegom is excited by incident x-ray
or electron radiation. The incident radiation esushe orbital electron to jump to a
higher energy level. When an outer electron jumdpsn in energy to fill the empty
shell, radiation is emitted in the form of x-raySince every element has a characteristic
set of electron energy levels, the x-rays emit®tha electrons move between levels is
specific to the target atom. Therefore, XRF camuged to determine the relative abun-
dances of different elements in a mix of metalghsas steel or bronze. Figure 4.16
shows an illustration of x-ray fluorescence. A g@ting phenomenon, Auger electron
emission, takes place when the excitation energgtam receives from incident radia-
tion is transferred to an orbital electron, whishthen ejected from the atom, leaving a

vacanc§®. Characteristic x-ray energy is emitted whenvieancy is filled.
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Figure 4.16 - lllustration of x-ray fluorescence

Figure 4.17 depicts the experimental setup foffltterescence of thorium. Thorium

was selected as a target because of its high atmmiber (Z = 90). Since the minimum

energy for the fluorescence of a given electrort@rincreases with atomic number, the

ability of pyroelectric crystals to fluoresce than would guarantee their ability to

fluoresce any element with a lower atomic numb&10.18 mm thick thorium target was
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placed outside of the 0.5 cm glass window on a wacchamber flange. Two 10 mm x
5 mm x 5 mm LiTa@ crystals were placed 1 cm apart, with the centéhe crystals

being 2 cm from the thorium foil. The CdTe deteaias placed behind the foil to
observe transmitted x-rays. In order to propedyoaint for the natural radioactivity of
thorium, a background measurement was performear poi the experiment. The
background was then subtracted from the gross sdawonyield the net counts due to

fluorescence from the pyroelectric source.

frsminminininininineiod] a — Amptek CR-100T-CdTe detector
frorsnennnznninznad b — 0.18 mm-thick Th target
fremimminnminienioeied. ¢ — 0.5 em-thick window

Frrrmnananenzs d — 10 mm thick LiTaOs crystal

(b)
% 2
2cm (c¢)

7z 7 K] (0
lcm

(e)

Figure 4.17 - Experimental setup for thorium fluorescene.

Figure 4.18 shows the gross counts from the pgobet XRF experiment, as well as
the background from the thorium target for the sawkection time (1800 seconds).
The tantalum characteristic x-ray lines and brerab&ing continuum are from the
tantalum in the target crystal, and were transuhitieough the thin thorium target to the

detector.
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Figure 4.18 - Thorium fluorescence spectrum due to pyedectric source (gross counts) and back-
ground measurement.

Figure 4.18 shows the net counts from x-ray flsoesce, after subtracting the
background due to the natural radioactivity of ttwr and its daughter isotopes. As
Figure 4.18 shows, all four K-shell x-ray linestbbrium can be seen. This suggests
that a paired-crystal pyroelectric source can leel tig fluoresce any metal with<Z90.

Therefore, pyroelectric x-ray generators are udefs for materials analysis. Due
to the low power requirements, the constructioa pbrtable 200 keV pyroelectric x-ray
source would be a trivial matter. Coupled withaatable MCA and laptop, this would
provide a field researcher with a powerful tool &ralyzing the elemental composition

of metals in bridges, minerals, airplanes, andosth f

63



10000 ————

1000 |

7}
o
o
S
‘;‘ 100 3 E
= . Various lines from the
3 steel vacuum chamber
© and thorium target.
10 | _
1 1 | 1 | 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100 120 140

X Ray Energy [keV]

Figure 4.19 - Net counts from the fluorescence of thann using a pyroelectric source.

X-ray fluorescence experiments were also condugsaty a natural uranium target.
The target was too thick to use the transmissioongptry depicted in Figure 4.17.
Instead, the target was placed at an angle to ¢bectbr and source, to allow XRF
radiation to be “reflected” into the detector, aers in Figure 4.20. The detector was
shielded with lead to eliminate incident x-raysnfréhe pyroelectric crystals. As with
the thorium fluorescence experiments, it was necgs® collect a background spec-
trum, since the sample had some natural radioactivihe background was subtracted
from the gross counts to yield the net counts dubé pyroelectric source.
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a — Amptek CR-100T-CdTe detector

b — 3 mm Pb shield

c — U target

d — 0.5 cm glass window

e — 10 mm thick LiTaO; crystal
epoxied to 20 Q resistor

f — Vacuum chamber, ~0.5 mTorr

(d)

+z | -z

lcm

(f)

Figure 4.20 - Experimental setup for fluorescence of aatural uranium target using paired 10 mm
LiTaO ; crystals.

In these experiments, not all of the k-shell xsray the target could be clearly seen,
as some bremsstrahlung from the crystals penetrdtedead shielding and added
background to the spectra, and due to the relgtios¥ count rate at high energy com-
pared to the thorium fluorescence experiments. élew most of théyg lines could be
clearly seen. This is due to the lower x-ray yiatdhigh energy for this experiment
versus experiments performed with a thorium targdie x-ray energy is sufficient to
fluoresce the; lines of uranium). A plot of the net counts foreéd summed 800 second

spectra after background was subtracted can bers&égure 4.21.
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Figure 4.21 - Net x-ray counts from fluorescence of uraniunusing paired pyroelectric crystals.

Three summed spectra are shown after background subtrgion, total collection time = 2400 s.
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5 Charge Focusing Phenomenon

5.1 Introduction

James Brownriddg@ observed that the electrons emitted by pyroetecnystals are
not emitted in purely divergent beams, as woulegexgected from a uniformly distrib-
uted surface source, but rather are focused. Kn&tit showed that the focal length
was that which would be observed due to the digioh of charge in a ring along the
crystal edge. In this section it will be demonstdathat the charge focusing does indeed

follow a ring-charge model.

5.2 Photographs of Electron Emission

The charge focusing phenomenon was experimenvaliified in a collaboration
with Kamron Fazel, who performed the work as aneugchduate research project. A
20 mm x 10 mm lithium tantalate crystal was mourtieé 2 W heating resistor and
aimed at a zinc sulfide fluorescent screen. A wagaknanent magnet was mounted to
the mounting plate holding the resistor, and a séageak magnet was placed outside
the chamber to provide the ability to move the talyback and forth relative to the
screen without opening the chamber. The gas peessas kept below 7.5 x fofor
these experiments.

Figure 5.1 shows photographs of the electronsisgyithe screen, taken with a web-
cam. The first photograph shows that at a distaf€e3 cm, the emission could be seen
to come from the outer edge of the crystal. At@f it had focused to a spot. At 1 cm,

it was still somewhat focused, and then beganverde at 2 cm.
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Figure 5.1 - Photographs of fluorescent screen at varying stance from a 20 mm diameter LiTaQ

crystal during electron emission. (Taken by Kamron Fazg

5.3 Finite Element Modeling of a Ring Charge on a Crystal Surface

By modeling the crystal in a finite element softev@ackage [COMSOL Multiphys-
ics 3.2], it was found that a ring charge along ¢ige of the crystal would create a
focusing phenomenon similar to that which was olesgrexperimentally: Emitted
charge would be seen as ring very close to thealrysould appear to be a concentrated
dot at intermediate distances, and would diverglarge distances. Referring back to
Figure 5.1, it is apparent that the majority of émeitted charge must have followed field
lines angled inward. This does not mean that tbeahin Figure 5.2, which shows
many field lines diverging away from the focal poiis incorrect, but rather constrains
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the emission location to be on the inner part efftat crystal surface. The focal point
given by the two-dimensional model in Figure 5.\2egia focal distance of 0.75 cm.

/v

7 o

field linés
2 N e

rgﬂ(e

g, N N
\ S \ \ \\ N

“Focal-planie 0.75 ¢
5 e

/

Figure 5.2 - 2D axially-symmetric finite element model of 20 mm diameter x 10 mm thick lithium
tantalate crystal connected to a grounded resistor. Thelextric field lines shown in this model
exhibit charge focusing. [Units on the axes are in dm

Figure 5.3, included for the sake of comparisdvowss that charge focusing cannot
occur if the charge on the crystal surface occwrsaauniformly-distributed surface
charge. Since the pyroelectric effect results potarization of the crystal, one would
expect that the charge would indeed be a uniforrfase charge unless the charge can
migrate. While the surface charge on a polarizetedtric is typically expected to be
bound charge, the observation of charge focusingades that some charge mobility
must occur, or that a separate effect, such apidz@electric properties of the crystals,
causes a radial polarization due to stresses femntirty and cooling.
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Figure 5.3 - 2D axially-symmetric FEM model of a crystal and esistor showing that charge focusing
does not occur if the charge is uniformly distributedalong the crystal surface. [Units on the axes are
in cm].

Figure 5.4 shows a three-dimensional model in Wwiie charge has been restricted
to the edge of the crystal, similar to the two-dagienal model presented in Figure 5.2.
This figure shows good agreement with experimergsililts, as the electric field lines
converge (i.e., are focused) at a distance of Eiv@e5 cm and 1 cm. The exact focal
point for this model is shown in Figure 5.5, a pidtthe electric field strength along a
line extruded upward from the crystal surface atghrpendicular. The maximum field
strength corresponds to maximum field line densityd therefore gives the focal length
of the crystal. In this case, the focal lengtBhewn to be 0.8 cm.
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Figure 5.4 - Output of a 3-D FEM model with charge locatedalong the edges of a pyroelectric
crystal. The electric field lines are seen to convge in the region from ~0.5 - 1 ¢cm from the crystal
surface. The convergence of the field lines is assateid with the focal length of the emitted charge.

[Units on the axes are in cm].
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Figure 5.5 - Plot of the electric field length along té crystal axis, from the crystal surface to d = 8

cm. The focal length is at 0.8 cm.

5.4 Prediction of Crystal Focal Length

The assumption of a ring charge distribution ondtystal surface allows the predic-
tion of the focal length with a good degree of aacy. To first order, the crystal can be
disregarded, and the ring charge can be assunislfioating in space. The ring charge
will be assumed to be perpendicular to #fa«is, atz=0, with a radius ofy.

The electric field due to a uniform line chargasigy is given by>

U A R
E(r)—4mojr—2rdl (25)

An illustration of a ring charge is shown in Figir®.
In cylindrical coordinates, if a circular ring e¢ga of radius, is assumed, the path

integral of the line charge densityabout the perimeter becomes:
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Figure 5.6 - Diagram showing the electric field due to a fferential segment of a ring charge, as
observed at an observation point P.

At the focal point, the electric field linesrat O are perpendicular to the ring charge
axis (z-axis). For this reason, the calculation ba simplified by finding the point
along the axis where the z-component of the fisldtia maximum. To consider only
the z - component of the electric field along the rifgage axis, the integrand must be
multiplied by the cosine of the anglebetween the vectarand the ring charge axis. In

cylindrical coordinates, the cosineéfs equal taz / r and the integral then becomes:

2
Ez(z,r:O):4l J%roidﬁ (27)

0o
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1 zA

EZ(Z,FA:O):‘]JE0 0((2_20)2+(r_r0)2)3/2 r, 26 (28)
~ A

The maximum value of this function will determirfeetpoint along the z-axis at which
the greatest electric field strength occurs. Caresee that the result will be insensitive

: (A _ : : .
to the scaling factoé"?, and the maximum field density can be determirgdguthe
0

bracketed term only. The maximum value of the keted term can be found by finding

_dll e,
0= d_Z{[ (22 + r02 )3/2 }} (31)
_ o Y
0= [(22 N roz )3/2 J [(22 N roz )5/2} (32)

the root of its derivative:

(22 + r2)5/2
Multiplying both sides by*——2/
r-O
0=2" +r2 -30> (33)
or
re =2z° (34)

. r .
Therefore, there are two focal points, &t iﬁ' Based on this simple model, the

focal length of a pyroelectric crystal should scal¢h radius, as one would expect.

Figure 5.7 shows a plot the field strength alorgz¥axis (r = 0) for a ring charge with a

1 cm radius, with a maximum value at 7.1 mm. Bynparing Figure 5.5 and Figure

5.7, the field strength result taken from a findlements program, is seems that the

analytical isolated ring charge model gives a \@agurate prediction of the focal length.
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The finite element method result and the isolateg charge model both seem to agree
well with the experiment shown in Figure 5.1.

10 T T T

Focal Length =0.71 cm

z

Normalized Strength of E

Distance from Ring Charge [cm]

Figure 5.7 - Electric field strength along the axis of ansblated ring charge with a radius of 1 cm.
Two foci exist, and are located at z = £ 0.707 cm.

This analysis shows that the charge focusing feoqyroelectric crystal is better
explained by a ring charge, formed by charge migmai the edges of the crystal, than
by a uniform bound polarization charge. Howeuee, ing charge model cannot explain
the asymmetry in the charge emission as shownguar€&i5.1. Therefore, while the ring
charge model explains the overall behavior of teeteon emission, a complete model
would need to include some other effect to des¢hbeasymmetry. More work needs to
be done to find a physical explanation for the fation of the ring charge, and to verify
that the migration of charge to the edges of thestat accurately predicts the focal
length for crystals with different sizes and shapEégperiments with crystals of different
radii would also help to verify the accuracy oftimodel.
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6 Magnetic Deflection of Electrons and lons

6.1 Motivation

Upon deciding to pursue neutron production vieopigctric fusion, it was decided
to take a systematic, step-by-step approach terusiAt that point, the ability of py-
roelectric crystals to produce a high accelerafiotentiai® had been verified, and ion
and electron spectroscopy experiments had beearpeti**. However, the ability of
the crystal to ionize a fill gas was of crucial ionance to the prospect of pyroelectric
fusion. Therefore, the next step toward fusion wadgurther confirm this ability to
ionize by verifying that the charged particles detd during the ion spectroscopy
experiments were much more massive than electrdigs task was accomplished by
magnetically deflecting the emitted charge, in wivas essentially an accelerator mass
spectrometry experimett

6.2 Theory

The Lorentz forceF acting on a charged particle contains a compondthms
parallel to the electric field , and a component which is parallel to the crosslpet of
the particle’s velocity vectoy and the magnetic field :

lf:q(li+\7x é) (35)
This means that a magnetic field transverse talitestion of particle travel will cause
the particle to deflect by some displacement petioertar to its initial velocity vector as
it travels through the field. The trajectory trddey the particle would be a circle,
assuming that the magnetic field was large enowoghontain the entire circle. The
radius of the circle is inversely proportional te tmagnetic field strength, and propor-
tional to the square root of the mass. It is guesitherefore, to select a field size and
strength that is sufficient to deflect a light pelet (such as an electron), while allowing
much more massive particles (such as ions) to meation their original trajectory

without being noticeably deflected.
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6.2.1 Geometrical Determination of Deflection Distance

The simplest way to determine the expected andldeftection for accelerated elec-
trons and ions is to use trigonometry. In a umifanagnetic field, a charged particle
traveling perpendicular to the field lines will lem@a uniform radius of gyration in the
plane perpendicular to the field. If the radiusggfation is larger than the size of the
magnetic field, then the particle will leave at soangle, and, assuming that the field
drops to zero very quickly, will travel along aasght path until it is blocked.

Therefore, one can use the radius of gyration hadsize of the field region to de-
termine the angle at which the particle leaves itiegnetic field. Then the total
deflection distance as measured on a fluoresceeescould easily be predicted based
on the distance to the screen and the angle cfatiih.

The radius of gyration of a charged particle inngarm magnetic field is found by
balancing the centripetal and centrifugal forceingcon the partic®. For a particle
with a charge of e.s.u. (corresponding toelectrons being stripped from an ion), the
kinetic energy obtained by passing through thelacazi#on potentiaV is:

nev= % mv (36)

wheree is the unit of elementary charg®, is the particle mass, andis the particle
velocity. It will be assumed that<< c, and that relativistic effects can be neglected.
Rearranging Equation 36 to yield the particle vityodt becomes:

1/2
. [Znevj (37)
m
The centrifugal force on the particle is simply:
- mv .
centrifugd = 7 r (38)

where T is the radial unit vector in the plane of curvatam p is the radius of the
particle’s trajectory. The centripetal foréés then found from the Lorentz force equa-
tion>® for a purely magnetic field (i.e., no electricldi€omponent),

ﬁ:ne(E+\7xl§)=na7Xl§ (39)

which reduces to:
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F = neBv(f (40)

centripetd
One can then write a force balance equation:

ﬂ 0f = neBvill (41)
P
which gives the radius of the circular trajectohericeforth referred to as either the
radius of gyration or radius of deflectign) as:

mv 1 [vajm

Ps=——=~=—= (42)

neB

HarnwelP* gives the radius of gyration in units of centimstend Gauss:

1445\ (M \"?
o, =[—B jcﬁ—j Vet (43)

whereB is the magnetic field strength in Gauskis the mass of the particle in atomic
mass unitsn is the charge of the particle in e.s.u., &d acceleration potential in
Volts. This radius is the radius at which a pdetivill gyrate in a uniform magnetic
field. Inthe case of a uniform magnetic fieldttlsasmaller than the radius of gyration,
this equation describes the radius of the partielectory as it passes through the field,

as illustrated in Figure 6.1.
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Deflected patrticle

Incident particle

Figure 6.1 - Geometrical description of the deflectiorof a charged particle incident on a uniform
magnetic field (perpendicular to page).

The final deflection distance, as would be measasgeerimentally on a fluorescent
screen, would include a term for the deflectioridesthe magnetic fieldd(in Figure
6.1), as well as a deflection distance traveledrd#&aving the magnetic field, which
shall be called. If the angle at which the tangent of the de#idcparticle with the
circular trajectory intersects the horizontal ilexhy, then the deflection distance inside
the magnetic field is given by:

d = p, - p, cosp = p, (L—cosp) (44)
If one can assume that the deflection distanceéntie field is much smaller than the

deflection radius, then the deflection inside tieédfcan also be found using the length
of the magnetic field regiofr>:

d= (45)




(However, this assumption is not appropriate fereékperimental geometry used in this
research). If the distance between the end ofndgnetic field region and the fluores-
cent screen is calldd then the deflection outside the field is given by
D =LI[tang (46)
Finally, the total deflection distance is foundoe
D,=d+D=p,(1-cosp)+L dang 47)

Due to the dependence of the deflection radiugpaniicle mass, and because a
singly-ionized gas molecule or atom has the samgnituade of electric charge as an
electron, the radius of curvature is drasticalfjedent for ions and electrons. Therefore,
it is simple to design a magnetic deflection experit in which electrons are deflected
by a great distance, while ions are deflected Vigilg. Figure 6.2 shows the radii of
curvature for different charged particles in an &dield, like the one used the experi-
ment to be described later in this section.
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Figure 6.2 - Radii of deflection for various species ofirgyly-ionized gases at 100 keV as compared
with electrons in an 800 G uniform magnetic field.
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6.2.2 Experimental Verification of lon Production

In order to verify that the pyroelectric crystalsre capable of generating ions, a 5
mm diameter x 10 mm thick LiTaQ@rystal was oriented such that thesarface faced a
ZnS:Ag fluorescent screen. A collimator with a #nrhole was placed 0.7 cm away
from the crystal. Two permanent magnets with andir of 1.2 cm were held behind
the collimator, such that the maximum magnetiafitength was 800 G, perpendicular
to the axis of the crystal. The distance betwéenstreen and the end of the magnetic

field regionwas L = 1.2 cm.

7 :
/

v |

/

a - LiTaOs3 crystal

b - Plastic collimator

¢ - Permanent magnet
d - ZnS:Ag screen

e - lon trajectory

f - Electron trajectory

Figure 6.3 - Side view of experiment used to verify ioproduction via magnetic deflection. Not to

scale.

The pressure in the vacuum chamber was 5Tk - 6.5 x 10 Torr. The crys-
tals were heated with a heating resistor, whiclpbeg 2.5 W of heating power to thé z
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surface of the crystal. A digital camera was held ring stand such that it could see the
zinc sulfide screen through a window on a vacuuemtber flange. The camera was set
to take 2-3.2 second exposures for photographiagtreih emission, and 5-8 second
exposures for photographing ion emission. Fomptimpose of calculating the deflection
distance, the magnetic field was assumed to haamstant effective strength inside the
magnetic field region, which immediately droppedzéwo outside of this region. Based
on Equation 47, and assuming that the effectiveageefield strength was 600 G, one
can expect a 100 keV electron to be deflected B6-tm, and a singly-ionized Non
to be deflected by +.008 cm. The effective fidietisgth was taken to be somewhat less
than the measured maximum field strength of 800s&&mi account for the variation of
the field strength within the magnetic field region

Figure 6.4 shows enhanced photographs of the spested by electron and ion
emission from the crystal after passing throughnilagnetic field. It can be readily seen
that the ions were not deflected at all, while¢lextrons deflected by 1 cm. This proves
that the positively charged particles emitted by thsurface during the heating phase

are ions.
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lcm o
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Spot from electrons

Figure 6.4 - Photographs of the spots produced by deflext electrons and ions hitting the ZnS:Ag

screen. Notice that only the electrons, and not thens, are deflected.
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7 Direct Measurement of lonization Current
7.1 Introduction

The neutron yield from a pyroelectric neutron gat@ris dependent on the ability
of the crystals to create and maintain a stron@lacation field, while emitting some
charge in the form of deuterons in order to caussoh reactions. It is important,
therefore, to balance the ionization current whke &cceleration potential, since the
reduction of charge on the crystal surface dueoto @mission causes a decrease in
acceleration potential, and thus decreases the nmaxi deuteron energy and cross
section for fusion.

In this series of experiments, various differemizing cathodes were mounted to the
surface of a pyroelectric crystal, and simultanonsasured the x-ray energy and ion
current. A figure of merit for neutron productioras then formulated. The figure of
merit was based on the integrated cross sectiateoterons of a given initial energy
slowing down in a deuterated plastic target, aretiubis figure of merit to evaluate the
cathode designs and select several that were prgnics fusion.

7.2 Experimental Setup

A metal plate was connected to an HP3458A digmaltimeter. The multimeter was
controlled and read using a version of the progsaiwwn in Appendix Ill. The plate
was held 23 mm behind a grounded grid. The grid @& mm above the emitting
surface of a 20 mm diameter x 10 mm thick Liga®ystal. Different cathodes were
mounted to 16 mm diameter copper discs, which e attached to thé surface of
the crystal with conductive silver paint. The émiing cathode materials were used:

* 4 mm long, 70 nm radius catwhisker tungsten tip;

* 4 mm long, 600 nm radius tungsten tip;

* 4 mm long, 600 nm radius tungsten tip coated withgsten nanorods (hence-

forth referred to as a “nanotree”);

* 12 mm x 12 mm patch of 1 mm long carbon nanotueash 30 nm in diameter

and spaced apart by about 200 nm;

e 16 mm diameter copper disc coated with tungsteonoais;
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* Asmall piece (~2 mm x 2 mm) of doped silicon coatsth carbon nanorods.

The carbon nanorods were ~200 nm long, and thestenghanorods were ~500 nm
long. The crystal was heated for 425 secondsn@dmum temperature of ~14D. It
was then allowed to cool naturally back to roomgerature. The fill gas was either air
(at 0.01 mT, 3 mT, or 6 mT) or deuterium (at 4 mBonT). While most cathodes were
tested in both air and deuterium gas, the tungsé@morods and carbon nanotubes were
only tested in air, and not in deuterium.

During cooling, when the crystal was emitting iciosvard the metal plate, the
current was collected by the LabView program arentimtegrated to yield the total ion
charge incident on the plate. This value was tlwerected for the 56% transparency of
the grid to yield the total charge incident on ginel. A CdTe x-ray detector was placed
outside the vacuum chamber to measure the x-rastrspe from the crystal during ion
emission. The endpoint energy of these spectraused to estimate the acceleration

potential of the ions.

7.3 Calculating a Figure of Merit for Neutron Production

Since the neutron yield from a pyroelectric acegte depends on both the ion
current and the acceleration potential, a figuremafrit for neutron production was
developed based on the measured total emissiogeclaad the endpoint energy of the
x-ray spectra. This figure of merit was based @eeond-order fit of the integrated D-D
fusion cross section as an ion slows down in aeatatéd polyethylene target as a
function of energy. A detailed discussion of thiegrated cross section is given later, in

Section 8.3. The figure of merit for fusion is givby:

FOM = quo'f’ -102x102E,, + 421x107E,, - 428)  (48)

whereq is the total ion charge measured per cooling pihasgoulombs andegp is the
measured endpoint energy of the x-ray spectrunein kThe factor of 3.05 x T0was
used to normalize the FOM values (by setting tigindst measured FOM to 1.00). This
figure of merit is proportional to the number outrens which would be created if the

total measured ion charge was incident on a deaetkrearget with an acceleration
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potential equal to the endpoint energy of the xspgctrum. The fit used to obtain the

figure of merit is shown in Figure 7.1.

70

[ o tix=0.0102[E2 - 04207(E + 4.276 ;

R? = 0.9998
/

20 40 60 80 100
Deuteron Energy [keV]

Figure 7.1 - Data used to determine the figure of meritdr neutron production based on ion energy

and current. The diamonds represent the individual d&a points of integrated cross section versus

energy, while the dashed line represents the fitted gdratic function.

7.4 Results

Figure 7.2 and Figure 7.3 show the results from ¢éxperiment. Figure 7.2 shows
the charge emitted in the form of deuterons at dvfierent D, gas pressures. The two

best cathodes for ionizing deuterium were the 70catwhisker tip and two paired 70

nm catwhisker tips. The bare crystal did not yigldasurable ion emission, while the

600 nm tip, carbon nanorod sample, and “nanotrég/iedlded a measurable but small

ion charge.
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Figure 7.2 - lon charge emitted by different cathodes in /1T or 8 mT D, fill gas. The charge was
found by integrating the measured current over the lengthof the cooling phase. The single 70 nm
tip was not tested at 8 mT.

Figure 7.3 shows the maximum x-ray energy obsedeethg gas ionization. This
figure shows that the paired tip cathode produckedvar acceleration potential than the
single 70 nm tip. The poor ionization ability ¢iet 600 nm tip was offset somewhat by

the higher acceleration potential.
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Figure 7.3 - Maximum x-ray energy during 0 gas ionization for several cathodes.

Finally, Figure 7.5 shows the figure of merit fbe cathode designs tested in deute-
rium gas. The highest figure of merit was for pdi70 nm tips in 8 mT of deuterium,
although the single 70 nm tip was not tested a& pnessure, and outperformed the
paired tips at 4 mT. The bare crystal and nandigl performed poorly, while the
carbon nanorod cathode (at 8 mT) and the 600 nrtatig mT) seemed to have some
promise, but they were both outperformed by thglsiand paired 70 nm tips. These
results seem to mirror the neutron production erpeEmts, in which neutrons were
observed when using a 70 nm tip to ionize deuteriouh not when using a bare crystal
or 600 nm tip.

Data was also taken for the ability of these ca#lsato ionize air. This data was not

presented in this section, since it is not impdrtanthe development of improved
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pyroelectric neutron sources. However, for theesatkreference, a table of all relevant
data from the experiments conducted in both airdederium is included in Appendix
V.

The results from this experiment suggest thatndmgorod cathodes do not offer an
advantage over metallic tips in terms of ionizatmnrent. While a large array of
nanorods would seem to be favorable in this regard single tip, the electric field
around an individual nanorod is masked by the s$i@tithe surrounding rods, such that

the surface behaves more like a flat surface thaariay of tips (see Figure 7.4).
g ¥ 3";*.&'§§ . §a ,‘
* "4 “ﬂ: L LI "'“‘: f l;ne@
YO N AR

- ~ 4 2t
00 802 og 0" T 0®
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Top view Cross section view
~750nm in length

Figure 7.4 - Microscope images of tungsten nanorods dep@sl on a silicon substrate. This sample
was slightly different from the nanorods used in the exg@riments presented in this section, but is
being shown as an illustration of the tight packing of te nanorod arrays.

The use of multiple metallic tips, such as thegmhi7O nm tips used in this experi-
ment, has promise, and may offer an advantage simgte tips. Fusion experiments
have not yet been conducted to test arrays of aeweetallic tips for advantages in
neutron production.
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Figure 7.5 - Figure of merit for several cathode designsThe figure of merit was based on the ability

to efficiently ionize a fill gas while also allowing darge acceleration potential.
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8 Neutron Production Using Pyroelectric Crystals

8.1 Introduction

The successful development of improved pyroelestriay and electron sources led
to a search for other uses of pyroelectric crystaladiation production. Pyroelectric
crystals have been shown to generate electric palein excess of 200 kV in vacuum,
and the ability of pyroelectric crystals to ionigas and accelerate the ions to high
energy has been proven. Therefore, it seems p@s$sibreate a neutron source in which
the crystals can be used to ionize deuterium gdstlaen accelerate the deuterons to
sufficient energy to create nuclear fusion. Irstbtihapter, the achievement of nuclear
fusion through the use of paired pyroelectric @algstvill be demonstrated.

8.2 Motivation for Pyroelectric Fusion

The reason for pursuing the goal of pyroelecu&dn was to create a new source of
high-energy neutrons for use in applications whgoetability was very important.
Specifically, pyroelectric neutron sources may lmeewery useful in homeland security
and mine detection, due to their small size. (Ydleme of the entire source is expected
to be approximately 1500 cubic centimeters). WipNeoelectric fusion sources are
expected to have low yield relative to conventiopaitable neutron generators, linear

accelerator-driven sources, and reactors, they s&veral considerable advantages.

8.2.1 Advantages over Portable Neutron Generators [PNGs]

While only a few watts of power (~10-20 W) are rieed for the operation of a py-
roelectric neutron source, this cannot be saidet@ beal advantage over pulsed PNGs.
While PNG power consumption is higher than thatpwgfoelectric sources, it is still
typically only 30-200 WR?, which is not difficult to provide. However, ccemtional
PNGs require high voltage power supplies to protieee~110 kV acceleration potential
for the deuterium and tritium gas ions used in fii@on reaction. Therefore, even
“‘compact” pulsed portable neutron generators tendd quite large compared with
pyroelectric sources. Table Il shows a comparisbthe length and weight of various
portable neutron generators. Included is the am weight of a prototype portable
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pyroelectric neutron source, currently under carmion at RPl. While the weight of
the sources manufactured by VNIAA was not availalotany of their sources (and
many ThermoElectron sources) require an externalepsupply. The ThermoElec-
tro’” APl 120 has an attached power supply, and had bdishad weight which

included both the tube and supply.

Table Ill - Size and length of various compact neutron geerators. (N/A = not available).

Neutron Source Length, cm Weight, kg
ThermoElectronf API 120 85.1 15
ThermoElectrort MP 320 57.2 11.3

VNIIA *° ING-06 130 N/A

VNIIA *° ING-07 44 N/A

VNIIA >° ING-08 190 N/A

VNIIA*° ING-17 24 N/A

Prototype pyroelectric source 27 3

Another important advantage of pyroelectric sourgesr PNGs is that they are
comparatively very inexpensive. The RPI prototypeoelectric neutron source will
have a total cost of less than $3000, and muchabfdost results from the uniqueness of
the sourcE. For example, the housing chamber of the souost $600 to fabricate
because it was made from custom metal-seal vacawmpaenents, but any sealed metal
cylinder would work in its stead. By comparisame typical cost for a PNG is approxi-
mately $100,000.

It is also important to note that while PNGs carubed to generate 1010°n /s,
certain homeland security applications such asdgggscanning require limiting the
neutron yield to 10- 10’ n / s due to personnel safety concgtnsTherefore, in some

™ Excludes weight and diameter of flanges on prototypee sinmanufactured source would not required
flanges. Includes 15 cm extra length for cooling fins and &xta weight for the low-voltage power
supply.

™ This figure does not include the cost of the pumping systieiection electronics, or other laboratory

equipment used to design and fill the source.
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respects, the lower neutron yield from a pyroelecource can be an advantage instead

of a limitation.

8.2.2 Advantages over Radioisotope Sources

In addition to pulsed neutron generators, anotisenmon neutron source for field
applications is radioisotopes. Radioisotopes aamanufactured cheaply, and can have
a variety of energy spectra and decay constante sdurce strength can chosen exactly
by selecting an isotope with the proper mass ama@ydeonstant. However, there are
several severe logistical problems associated nadivisotopes.

First, while isotopic sources can be small, thegdchto be shielded, due to the fact
that they cannot be turned off. Also, if a souscehosen with a large half life (to allow
its long-term use and decrease the change in meyigt over its time of use), it creates
a disposal problem.

Pyroelectric sources (and PNGs) are free from bbthese problems. They can be
turned on and off, thereby eliminating the needsfuelding during transport. Pyroelec-
tric D-D fusion sources are also completely safedigpose of, aside from a small
amount of neutron activation of the source itsefhe disposal of tritium in a D-T
pyroelectric source poses an additional concethoadgh tritium is among the least
dangerous beta emitters due to its low maximumgsngrax= 18.6 keV.

8.2.3 Advantages over Reactors and Linear Accelerators

Nuclear reactors and linear particle acceleraamedoth powerful means for generat-
ing large amounts of neutrons. In the case ofaatog, the neutron spectrum is white,
but the flux can be very large, and many samplesbeirradiated simultaneously at
ports. Linear accelerators are useful for crosi@® measurements, since time-of-flight
[TOF] method can be applied to determine the neugpergy interacting with the
sample versus time.

The advantage of a pyroelectric particle accelerater these techniques of neutron
production is quite simple: Pyroelectric neutronirses are much smaller and cheaper,
and can be made portable.

93



8.3 Calculation of Expected Yield

The expected yield from a pyroelectric D-D fusisource can be calculated by
treating the deuteron beam as a monoenergetic s&amng down in the deuterated
plastic target. As the incident deuterons loserggnethe cross section for fusion is
reduced. By integrating the cross section over géhre depth of penetration and
multiplying by the number density of deuterons e target, one can find the total
probability per incident deuteron that fusion weiticur.

The neutron yield from a pyroelectric source ifuaction of the incident deuteron
energy, the number density of deuterons in theetargnd the number of deuterons

produced by the source:

dmax(EO)
S(t, Ey) = Np O [ (% 1)a(E(X))dx (49)

0
wheredmaxis the penetration deptNjp is the number density of deuterons in the target,

is the microscopic cross section for the neutrardpcing fusion reaction, and is the

total ion flux incident on the target. It is impant to distinguish between the total D-D
fusion cross section and the cross section forroeytroduction, since there are two
branches of the D-D fusion reactidnand only one results in neutron production

D + D— ®He +'n + Q (3.27 MeV)

D+ D—°T +'H + Q (4.03 MeV)
It is a very good approximation to assume that bélthe total D-D fusion reactions
produce neutrofi&

To first order, absorption of incident ions canneglected, and Equation 49 can be
simplified by assuming that the ion flux is notuamdtion of penetration depth. In this
simplification, the ions penetrate to same deptthentarget, and simply lose energy as
they penetrate. It is also reasonable to assumermenergetic ion flux. This assump-
tion is valid because the neutron production uguatcurs during one to two minutes of
the cooling phase, during which time the field sgtd does not change rapidly. By
applying these assumptions, Equation 49 becomes:

dmax(EO)

S(t) = AIN,, () | o(E(x))dx (50)
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t Amax(Eo)
Sew = AN, @At)dt 0 [o(E(x))dx (51)

The beam area can now be multiplied by the integratirrent to find the total inci-
dent ion chargey. By dividing the ion charge by the charge per (16 x 10° C), we

can find the total number of ions incident on teget. Equation 51 then becomes:

dmax(EO)

-4
Soa = ggge Mo 0 Jo090x (52)

The slowing down of the incident deuterons in thegét was calculated usitlg
SRIM 2003. The target was assumed to be deutepatiydthylene, with a density of
0.9 g/cm. An error in the density estimate is unimportainice changes to the density
estimate would cause changes in both the stopmmgepand number density, which
would offset each other in the fusion rate calcafat The energy loss per unit length
was input into Mathcad for a range of data poimisveen 10 and 300 keV, and a linear
interpolation was applied to estimate the valuevben these points. Figure 8.1 shows a
plot of the slowing down of 100 keV incident dewtes in a deuterated polyethylene
target.

If the deuterons are assumed to have a constaatr lenergy loss (i.e., the linear en-
ergy loss for the incident deuteron energy is &gpto the entire penetration depth), a
slight error would be introduced in the neutrorig/iealculation. This error tends to lead
to lower the estimate of neutron yield, since thkewlated range of the incident particles
is lowered. However, since most neutron produabiocurs at high energy, the effect of
this simplification on the calculation of energydois small. For 100 keV'Dons, the
assumption of constant linear energy loss leadstestimate of 407 neutrons per nano-
Coulomb of incident charge, versus an estimate28feutrons per nC if SRIM is used
to calculate the energy loss. Figure 8.2 showstaop linear energy loss versus depth in
the target for deuterons with 100 keV incident ggeas calculated using SRIM.
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Figure 8.1 - Slowing down of 100 keV incident Dons in 0.9 g / cfl DPE. Most of the neutrons are
produced in a thin layer at the surface of the target. After the ions penetrate 1um (10000 Ang-
stroms) into the target, the cross section for fusiors reduced to below 1 mb.
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Figure 8.2 - Linear energy loss vs. depth for 100 keV inaght D* ions penetrating a DPE target.
Calculated using SRIM 2003.

The energy at a depthin the target for a given initial energy was found by sub-
tracting the integrated energy loss per unit leigiin the initial energy:
¢ dE
E(X)=E, - | — x)dx 53
=6~ ]G 53)
The cross section integrated over the entire depgenetration could then be found

by integrating with respect to depth:

dmax(EO)

g = Ia(x)dx (54)

int
0

The maximum penetration depiha{Eo), corresponds to the depth in the target at

which the energy of the deuterons reaches zero.
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One can then findPsion, the probability of producing fusion per incidean, by
multiplying the integrated cross section by the bamdensity of the target deuterons,
Np:

max(EO)

Pruson = Np [cm‘S]d Ia(x)[cmZ]dx[cm] (55)

The deuterium number density is found by multipdythe GD, target density, 0.9 g
/ cnt, by the atom fraction of deuterons in the deueetaiolyethylene target and then

dividing by the molar mass:

N, =09 93 2] D (B.02x 107 moleculesﬂ mol (56)
cm molecule mol 329

o0 deuteriumatoms

N, =6.77x1
barn[Angstrom

(57)

As an estimate of the theoretical limit for the tnen yield from a pyroelectric
source, one can assume that all of the charge pedday the pyroelectric effect during a
typical experiment AT = 120 °C) is converted toDions, which are all accelerated at
180 keV. This is typically the maximum acceleratmotential observed when operating
with a deuterium fill gas.

The total ion production would then be:

@ = yIAT LA (58)
_ C
=190x10™"° ——[120°K [B.14cm? 59
% cr 2°K 9)
@, = 7.16uC = 4.47x10" deuterons (60)

The penetration depth of 180 keV deuterons in DPEalculated to be 29000 A. By
integrating the cross section over this depth, tdtal integral cross section for the
neutron-producing branch of the D-D fusion reaci®found to bes,, = 418 bA [barn-
Angstroms]. Given the target deuteron density.@76& 10"/ (barn A), the total fusion
neutron productios is:

S=4.47x10"deuteron§b.77x10"°b*Angstroni* [#18b Angstrom (61)

S=1.26x10" neutrongerheatingcycle (62)

98



It is unrealistic to expect to obtain this yieldrin a D-D fusion source driven by 20
mm diameter LiTa@crystals, for several reasons. First, not athefcharge generated
by the crystal is converted into’Obns: Since the target crystal is negatively ghdr
during the phase in which fusion occurs, much efgbsitive charge on the ion-emitting
crystal will be neutralized by incident electromerh the opposing crystal. Second, it
cannot be guaranteed that the deuterium moleclildaevseparated during the ionization
process. If some of the charge is emitted aSimstead of D, then the energy per
deuteron will be reduced by a factor of two, and thoss section for fusion will be
greatly diminished. Finally, the assumption thaerg ion is emitted at the typical
maximum energy of 180 keV was based on the fat¢t #sathe field strength increases,
so does the ionization probability, such that moss will be accelerated to a value
close the maximum acceleration potential. It ig@m@alistic to assume that, while most
ions will be accelerated to the maximum potentia¢ ¢tb the increased ionization prob-
ability at high field strengths, many ions willlsbe emitted at lower field strengths, and

will therefore not have such a high acceleratioteptial.

8.3.1 The Question of Power Production

A common question regarding pyroelectric fusiothis: Is it possible to generate a
net positive power output using pyroelectric crigaln order to answer this question,
an ideal paired-crystal system will be assumedyhich all of the charge produced by
the positively-charged crystal is assumed to bevexed to tritium ion current at 250
keV. The probability of fusion per incident 250\k&iton in a deuterated polyethylene
target is found by numerically calculating the sl to Equation 55. This give% =
1.26 x 10" for 250 keV tritons.

The crystals are assumed to be lithium tantajate190uC / nf °K. Therefore, if
the crystals were heated By = 100 °K, they would generate a surface chargaitden
of 6 =19 mC / M °K. The crystals are taken to be 1 cm (0.01 rigkthin accord with
the neutron production experiments performed at &Rl UCLA. The area of the
crystals is taken to be 1 émIf all of this charge is converted to ions, @n@é x 10*
fusion events occur for every incident ion, thea tbtal number of fusion events due to

the heating of the crystals would be:
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S = (pyroelectic coefficient [areaAT) x (1.26x 10 fusion eventsperion ) (63)

2 -4 ;
S=190x10° 02 - 1m : E1.26><1O fusgglevents (64)
m“ 10000cm 1.602x10~ C
S=1.49x10° fusion events (65)

The energy release can be found by multiplyingrilneber of fusion events by the
energy released per event, which, for a D-T reatliss 17.6 MeV. Ifit is assumed that
all of the energy released per fusion can be reeovas heat, then the expected energy
output would be:

E =149x10° USIONGVeNtS ;. MEV. o ghoxig Y (e6)
cm? fusionevent MeV
E=42™ (67)
cm

Since the crystals were assumed to be 1 cm thiektlzere are two crystals in the
system, this corresponds to an energy output ofri@.1 cm.

Therefore, in order to generate a positive pow@puturom heating this system, one
would need to be able to heat the crystals with tean 2.1 mJ / chof energy. Glas8
found that the specific heat of LiTa®aried with temperature, going frotp = 24 + 2
cal / mol °K at 298 °K (room temperature) to a eabfc, = 28 cal / mol °K at 433 °K.
Therefore, an average value of 26 cal / mol °Kldtelused for this calculation. Assum-
ing no losses due to heat transfer to the surrognénvironment and experimental
components, the heat required to raise the criggtaD0°K is:

H =N, [T (68)
whereN is the number of moles in the sample. In this cHse crystal was assume to
have a volume of 1 cin Therefore, if is the molecular mas¥, is the sample volume,
andp is the density of lithium tantalate (7.46 g /*gnthen:

N=—=1cm® (V.46 (69)
n cm® 2369
N =0.032mol/ cn? (70)
Plugging this back into Equation 68:
H=26— m18Y r0.032mol 10K (71)
mol °K cal
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H =347J/ cn? (72)

Therefore, 2.1 mJ / chof energy could be recovered from fusion, but ewdh
ideal heating, 347 J / émvould be needed to heat the crystals. The fugield could
be increased by using a crystal with larger aneagghe pyroelectric coefficient (which
dictates the ion yield) is a linear function ofstgl area. However, this would result in a
greater crystal volume, which also scales linearityh area. Using a thinner crystal to
reduce the required heat would result in a decr@adbe acceleration potential, as
shown in Figure 4.8. Pyroelectric crystals carhetrefore be used to generate fusion
power, unless a crystal is found which can createuah higher potential for a given
amount of heating energy than a lithium tantalatstal of equivalent thickness. This
seems unlikely, since the energy output found imdptimistic calculation was ~2 x 10

times less than the energy input.

8.4 Experimental Setup
8.4.1 Effect of Target Thickness on Acceleration Potential

When it was first proposed that a plastic targetnbeduced between the crystals,
concern was raised that the target would lowerateeleration potential available to
accelerate the ions, since the ions would stoprbddeing accelerated all the way to the
charged face on the target crystal. However, rit@asily be shown that this effect can
be disregarded.

First, assume that the crystals are two infiniteajpa plates, separated by 2 cm of
vacuum § = gp). Next assume that the target is a uniform ldyetween the crystals,
with a thickness of 4fmm. (This is the measured thickness of a layerenfterated
polystyrene similar to those used in the neutradpction experiments presented in this
chapter. The measured target was noticeably thittk@n the targets used in most
experiments). The dielectric constant of polyethgl and polystyrene is approxi-
mately’® 2.5&. From Gauss’ LaW, the electric field due an infinite uniform suréac

charge is:
€| = % (73)

Therefore, the potential between the crystals wbeléqual to:
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451m o 2cm o
v=-20 | dz+ | dz (74)
) 2[R5¢, 2(%,

45.m
45 1m 2cm
V=- I I dz+ I 9 4z (75)
o 2.56’0 48,m &

whereo is the surface charge density, and the factowoflty which the term in paran-
thesis is multiplied is due to the superpositiortha electric fields from two crystals.
For a given surface charge, this calculation shinasthe potential between the crystals,
after this 45um-thick plastic target is added, is still 0.9964ds its value without the
plastic. This shows that a thin plastic layer safely be used as a target between the

crystals without drastically reducing the accelerapotential.

8.4.2 Choice of Fill Gas

The cross section for nuclear fusion in a deutdrideget is greatly dependent on the
choice of fill gas. There are four important nacleeactions to consider:
D + D— °He +'n
D+D—°T+™
D+ T— *He +'n
D +*He — “He +H
Of these reactions, D-T fusion has by far the hsgleoss section in the energy
range attainable with pyroelectric crystals. Hogrevritium is radioactive, emitting a
beta particlé® with a half-life ofty,= 12.32 years and a maximum energy of 18.6 keV.
Therefore, it is not convenient to conduct labanatxperiments with a D-T source. (In
the future, D-T will provide the most viable optifor a high-yield commercial source,
since a commercial source would not have to beedeand re-filled, thus containing the
tritium inside the reaction chamber). At high ene(E > 120 keV), the BHe fusion
has a greater cross section than D-D fusion. Tbeyst of D3He fusion is not a
neutron, however, but a proton. Therefore, wfile may be an interesting fill gas in
the production of a compact proton source, it isanaseful gas for the manufacture of a

neutron source.
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Figure 8.3 shows the cross section for three fusg@ctions. These cross sections
were calculated using a fit based on the five Duanefficients for each reactith

gy A (A, - AE)? +1] A, -
T Elexp(A E™2) -1

Here the energy is given in units of keV and thessrsection is given in barns. The

Duane coefficients for the plots shown in Figurg &e listed in Table IV.

Table IV - Duane coefficient&* for selected fusion reactions.

D(d,t)'H D(d,nYHe D(t,nfHe DEHe"He)'H
Ay 46.097 47.88 45.95 89.27
A 372 482 50200 25900
As 4.36 x 10" 3.08 x 10" 1.368 x 10° 3.98 x 10°
A, 1.220 1.177 1.076 1.297
As 0 0 409 647
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Figure 8.3 - Cross sections for three fusion reactionsalculated using Equation 76.
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Figure 8.4 - Range for three incident ions in 0.9 g / chuleuterated polyethylene. Range datawas
found with a SRIM 2003 Monte Carlo calculation.

This leaves D-D fusion as the most convenient &das laboratory experiments
with pyroelectric crystals. In the experimentsgamgted in this chapter, a deuterium fill
gas was ionized near a metallic tip mounted toystal, which then accelerated the ions
into a deuterated plastic target layer on an oposiystal. Deuterium is stable, and is
also inexpensive ($200 for 50 L). It is importamtreiterate, however, that only one of
the two possible D-D fusion reactions producesnogst Since the reactions occur with
almost equal probability, only one neutron will pduced for every two D-D fusion
events.

In the case of pyroelectric fusion, since the ieaidions slow down as they penetrate
the target, the number of fusion events must beutsked by integrating the cross
section over the penetration depth of the ion m tdrget. The total expected fusion
events per nano-Coulomb of incident ions is plotte&igure 8.5, although only fusion
events from the neutron-producing branch of the Be&ction are included. It is inter-

esting that, while the BHe reaction has a higher cross section than D-Briust high
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energy, the integration of the cross section ciwvehe whole range of particle energy
due to slowing-down in the target negates this aihge, and the result is that the
neutron-producing D-D reaction and°Ble have nearly the same vyield for the entire

energy range between 100 keV and 250 keV.
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Figure 8.5 - Fusion events per nC incident Dions for three different fill gases. A deuterated

polyethylene target is assumed. Only the neutron-pragting D-D reaction is included.

8.4.3 Gas lonization
8.4.3.1 Calculation of lon Yield from Impact lonization Events

Effective deuterium gas ionization is essentiatite® production of neutrons with a
pyroelectric crystal. Successful neutron productixperimenfS showed that some
deuterium gas ionization must have occurred in exgnts using paired 10 mm-thick
lithium tantalate crystals. In the first of themeperiments, a copper disc holding an
ionizing 70 nm catwhisker tip was mounted to thgstal surface using conductive
epoxy. The results were later repeated in a siradperiment using a 200 nm-radius tip
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mounted with conductive epoxy. (Later, both exmemts were repeated with non-
conductive epoxy).

It is important to consider the contribution, ifya of impact ionization by electrons
traveling through the fill gas. From the ideal ¢ms, one can estimate the concentration
of gas molecules based on the gas press&ehe gas temperatuile and the universal
gas constanf =82.05 (L atm) / (kmol °K):

n P
- 77
V RT (77
For a gas at 4 mTorr (5.26 x"1@tm) at 273°K, this yields:
-6
n_ 5.26x10" kmol _ 2.35x10_7m_ol (78)
V 820527z L L

The gas density is therefore 4.7 x'1@ / cni. ESTAR? gives the stopping power of
deuterium for 100 keV electrons as 8.74 Me\VP@nh Therefore, the energy deposited
per unit length in a 4 mTorrJgas is:

2
g 7aMeVEM 2109 - 000412y (79)
cm

g cm®

The W-value, or average energy loss per ion pa@ated, is 36.5 eV for Hgas®.
This value is higher than the ionization poterfeilH, because ionization is not the only
mode by which charged particles can lose energyfithgas. On average, therefore, an
electron would need to traveél6.5eV +.0041eV/cm=89 meters to deposit enough

energy to ionize a singlyHor D,) molecule.

Table V - lonization potential of different gas speci¢&®’. “N/A” = not applicable.

Gas Species First lonization Potential, V| Second lonizationd®ential, V

H 15.426 N/A

H 13.598 N/A

He 24.587 54.418
C 11.260 24.383
N 14.534 29.601
N> 15.581 27.12
O 13.618 35.117
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O, 12.071 N/A

CO 13.773 +.002 N/A

H.O 12.612 N/A

However, it was seen in Section 3.2 that a 20 namdter crystal (such as those used in
the fusion experiments discussed in this chaptaijted -368 nC of electrons during a
heating phase, corresponding to 2.3 XHectrons. If all of the charge is assumed to
be emitted as electrons at 100 keV, the total endeposited in the fill gas per unit
length is found to be:

00041V 3x102electrons 9.43°%Y (80)
electroncir c

Since 36.5 eV is required to ionize a hydrogen ou& and assuming a similar ioniza-
tion potential IS required for  deuterium, one  wouldexpect

9.43GeV/cm+36.5eV /ion pair= 2.58 x 16 ion pairs per cm, or approximately one

impact ionization event for every 4@lectrons emitted at 100 keV in 4 mT 0$.D
However, since many of these ions will be creasedrbm the crystal, they will not all
accelerate to the full energy available due topibkential between the crystals. Instead,
the ions would form a continuum of energy, as repnéed by the peak tails in Figure
3.2. The counts in the tail can be controlledrdfege, by changing the Jill gas

pressure.

8.4.3.2 Surface Barrier Detector Measurement of lon Current from a Tipped
Crystal

The ionizing tip causes an increase in currenttdueeld ionization. In an effort to
determine how to improve the neutron yield, measergs of the ion energy from
tipped crystals were performed using a Canberrés PAR300-19-AM surface barrier
detector.

In the first such experiment, the ion source wa® am catwhisker tip mounted to a
16 mm diameter copper disc. The disc was attatth@dl0 mm thick, 20 mm diameter
lithium tantalate crystal using either conductilees paint or non-conductive JB weld
epoxy. The collimator aperture area was approxiyat/50 mm. The crystal was
heated from room temperature to ~%GMmver 600 seconds, and was then allowed to
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cool to room temperature naturally. The distamoenfthe crystal to the collimator was
4 cm.

Figure 8.6 shows typical results from this expemt The tip mounted to the crystal
with a conductive interface never produced an oladde ion peak. The entire spectrum
was composed of bremsstrahlung x-rays, which usdad a maximum energy of
around 80 keV. (The maximum x-ray energy was diffito measure, since high count
rates often resulted in pulse pileup and dead tme$0%.) When the tip was mounted
to the crystal with non-conductive epoxy, a cleatilsible ion peak was observed on top
of the bremsstrahlung continuum. The dead timéhf®mon-conductive epoxy spectrum
shown in Figure 8.6 was 6%. The dead time forekgeriment with conductive paint
was 20%. The maximum ion peak energy observed @ nm tip mounted with non-

conductive epoxy was 74 keV.
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Figure 8.6 - lon emission spectra measured by a collimatdlPS detector for deuterons ionized by
70 nm tips mounted to a 10 mm thick, 20 mm diamter LiTa@crystal. The use of a non-conductive

interface between the tip and crystal resulted in a vible ion peak.
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When the 70 nm tip was replaced with a 200 nmthip,results changed somewhat.
The tip mounted with conductive paint yielded iogaks, but they were low in energy
(<55 keV) and unclear relative to the peaks obgewih non-conductive epoxy. The
tip mounted with non-conductive epoxy yielded peais up to 79 keV energy, which
is similar to the 70 nm tip results explained earli Figure 8.7 shows the results from
typical experiments. The dead time for the nondcative epoxy plot was 10%. For the
conductive epoxy plot, the dead time was 30%. (ddiemator aperture for the experi-

ments with the 200 nm tip was ~1/15 fam

1 i L] I I L}
4 7 \
\
\
\
) \
< \
@
— [ \
5 I \
@]
O : lon Peaks
kS .
N 0.1+ | -
© 1 | \
% | \
Z "\
Bremsstrahlung -
\
\ 7
Conductive Epoxy
- - = Non-Conductive Epoxy
0-01 L) ll L) I L) I L) I L)
0 20 40 60 80 100

Energy [keV]

Figure 8.7 - lon emission spectra for 200 nm-radius ioniag tip mounted to a 10 mm thick, 20 mm
lithium tantalate crystal. lons were seen for both a@nductive- and non-conductive interface.

Both of these experiments suggest that the iomggnis improved when a non-
conductive interface material is used to mounttip® to the crystals. In the case of the
70 nm tip mounted with conductive paint, the iomalpgas not even visible, suggesting
that it was either below the discriminator levellod detector (25 keV) or that ions were

not produced. It is thought that the ionizatioficefncy was too high to allow a high
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acceleration potential to build up, and that thduotion of ionization efficiency by
switching to non-conductive epoxy remedied thishfgm. This is evidence that the 200
nm tip is less efficient in ionizing gas than th& in tip, since it yielded a visible ion
peak even when conductive paint was used in planereconductive epoxy, suggesting
that the crystal was able to reach a higher patielgifore ionizing the gas.

8.4.4 Target Preparation

Two types of deuterated targets were used in tegseriments. In the first success-
ful fusion experiments conducted at BPlthe target was deuterated polystyrene, -
(CsDg)n-, in @ ~45um layef* on the surface of the target crystal. To prepleearget,
about a hundred milligrams of deuterated polystyrgpPS] were placed in a jar con-
taining roughly 75 mL of xylene. The jar was pld@n a hot plate in a fume hood, and
was heated to around 120°C, just below the boifiogt of xylen&®, which is 135-
145°C. After a short period of time, the chunksD#S could be seen to distort and
expand. Within about an hour, the DPS was comlglelissolved. At this point, the
xylene was brought to its boiling point, and wastgeboiled to thicken the solution. A
pipette was then used to transfer some of theisaltw the surface of the target crystal.
The surface tension of the solution was usuallyughdo keep the solution from running
down the sides of the crystal. In the event thates of the solution did flow down the
side of the crystal, it could be wiped off with aretone-soaked cotton swab once dry.

It is important to mention that the flash pointgfené® is only 27 - 32°C, which is
far below the temperature to which it was heatedndutarget preparation. For this
reason, it is important to avoid sparks and notdoy cellular phones near the fume
hood where the target is being prepared, sincedpers from xylene can ignite due to a
spark once it is heated past the flash point.

Deuterated polystyrene was easy to work with, @edted even target layers on the
crystal. However, in terms of usefulness in neufpooduction experiments, it is sur-

passed by deuterated polyethylene [DPE]. Deutdra@yethylene -(eDs).,- was

* The thickness of the layer was estimated by deposifingquivalent amount of deuterated polystyrene /
xylene solution on a piece of metal as was depositetth@rcrystal. The thickness of the layer on the

metal was then measured with a DeFelsko 6000-series Hdaytthickness gauge.
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eventually chosen over DPS due to its improved eteuh density. However, it was
much more difficult to dissolve polyethylene in thet xylene. The method of making a
solution was kept the same, except that the solutaa to be kept on the hot plate below
the boiling point for about four to six hours befanost of the DPE was dissolved. If
the solution was used prematurely, when the DPE swdtsand transparent but not
completely dissolved, then the target would appéate and flaky once the xylene had
evaporated. However, by keeping the mixture hofdar to six hours before boiling, a
smooth, transparent target could be made. Duédainness of the solutions, the
surface tension of the DPE target was usually afiiceent to hold it on the surface of
the crystal while it was deposited and dried. dadt a razor or cotton swab was used to
remove the excess from the sides of the crystat #ie target was dry.

A third target option would have been to use a metalanted with deuterium, such
as erbium deuteride (EgP This was the method used in the UCLA pyroeiedtrsion
experimentS. However, deuterated polystyrene is superiorhiuen deuteride in terms
of the total fusion cross section for a deuteramwsig down to below the threshold

energy for fusion in the target. [See Figure 8.8].

112



10000:::::,‘,,:::: = ! i
1000 -
O ]
c
)
o
0
S 100
_,5, ]
(D)
pzd
10:::::::::'
1
0 50 100 150 200

lon energy [keV]

Figure 8.8 - Number of fusion neutrons produced per nan€oulomb of incident deuterons for three
viable target options.

8.4.5 Mounting the Crystal

The neutron production experiments presented & ¢hapter used two lithium
tantalate crystals mounted such that the z+ fa@mefcrystal was opposite to the z- face
of the other crystal. Both crystals were cylindtiovith a thickness (along the polariza-
tion axis) of 10 mm and a diameter of 20 mm.

Each crystal was attached to a thermoelectriceneathich was typically a Melcor
HT-series device such as the HT3-12-30-T2, witheaimum temperature of 225°C and
a maximum power input of 30 W. The crystal wasi@ied to the heater with GC
Electronics #19-2092 electrically-conductive epoxiyhe crystal was worked back and
forth to spread the epoxy layer to entire intedbarea between the crystal and heater.
The electrically conductive epoxy was found to hphevent crystals from cracking

during heating or cooling, which appears to be edusy electrical sparking through the
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crystal. A5 mm wide strip of conductive metal Isus copper was placed between the
crystal and the thermoelectric heater to providrigd.

Once the crystals were mounted to the thermoetedavices, a thermocouple was
epoxied with JB Weld to the corner of one thermcieie cooler to provide temperature
indication. At this time, the target crystal wasated with the deuterated plastic target.
A 70 nm-apex catwhisker tungsten tip with a shamknéter of 0.5 mm and a length of
3-4 mm was soldered to a copper disc with a diantét®6 mm. The disc was polished
with a wire brush on a Dremel tool to remove bamd ridges along the outside edge. A
hole was drilled through the center of the disaltow the shank of the tip to be fixed in
place prior to soldering. After the tip was so&tkin place, the excess shank protruding
from the back of the disc was cut off with plierslasanded smooth.

JB Weld non-conductive epoxy was deposited ontosthiéace of the ion-emitting
crystal, with 2 mm along the edge of the cryst#l bre. The copper disc was then
pressed into the epoxy. The practice of leavimgn@ of bare crystal on the outside of
the disc was found to inhibit spark discharge, Wroccurred in great frequency when
the epoxy was deposited all the way out to the ediglee crystal. It is also important to
not leave a gap underneath the crystal, sincectimscreate a region of high electric field
strength, which can also lead to enhanced probabiiidischarge.

Once the epoxy and target were dry, the thermaaembolers were mounted with
nylon screws to a copper heat sink. The heatcnisisted of two 20 mm x 50 mm x 50
mm rectangular uprights mounted onto a base. &se lwas 100 mm x 100 mm x 38
mm, with a removable 100 mm x 32 mm x 24 mm cotdyér in the bottom, through
which a U-tube could carry cooling liquid. The edgof the entire copper assembly
were chamfered to avoid creating regions of lochigh electric field which would help
cause discharge. CAD drawings of the assembledrempnt are shown in Figure 8.9
and Figure 8.10.
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Figure 8.9 - Cross-section view of experimental apparatdsr fusion neutron production.
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Figure 8.10 - Trimetric projection of experiment modelshowing major dimensions.

8.5 Experimental Results
8.5.1 Neutron Production Experiments with Conductive Epoxy Intefface

In early neutron production experimefitshe interface between the crystal and the
copper disc was conductive epoxy. It was beliehad the conductivity of the interface
would allow for better charge flow to the tip, thby creating a higher ion current. It
was later found that the use of a non-conductivexgmt the interface improved the
neutron yield. Nevertheless, the results in tetion were obtained using the conduc-

tive epoxy. Another difference between these awparts and those conducted
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afterward is that in the early experiments, detéergolystyrene was used as a target
instead of deuterated polyethylene, which redubecdttoss section for fusion.

The crystals were separated by 15 mm (from theottpe target). The tip was 3 mm
long, and was a catwhisker tungsten tip with a #0apex radius. The crystals were
heated to 130 °C over 350 seconds using a lowg®lppwer supply, and then allowed
to cool naturally via conduction through the theeteatric heater and copper heat sink.
Cooling water at room temperature was pumped thr@ugopper cold finger in the base
of the heat sink in order to help remove heat.

The chamber was pumped down to a base pressun@wica1C torr, and then
filled with deuterium gas to a pressure o160 10" torr. (Fusion was observed over a
wide range of pressures, from 1 x*16rr to 3 x 1 torr).

Neutrons were detected with a 3” x 3” Eljen EJ-R0dton recoil detector shielded
by 1.7 mm of lead on the front of the detector, aGdnm of lead on all sides. Lead has
a photon attenuation coefficiéhbf x = 5.55 cmi / g at 100 keV, ang = 0.999 cri/ g
at 200 keV, and a density of 11.3 g /°cnDue to the high photon attenuation coeffi-
cient, the transmission of x-rays through the 117 shield at 100 keV was only .0018%,
and 200 keV it was only 14%. Therefore, in additio the discrimination against x-rays
afforded by the amplifier discriminator setting apdlse shape discrimination, the
detector was also well shielded against x-rayshefédnergies expected in the experi-
ment. Thus, the probability of x-ray pulse pilefwhich may give an observed pulse
amplitude above the ~200 keV discriminator settingy greatly reduced.

8.5.2 Effect of lonizing Tip Radius

In an effort to increase the number of deuteraaslable for fusion, several experi-
ments were conducted using ionizing tips which B&8 nm and 600 nm radii. The
reason for the belief that an increase in tip raawould have a positive effect came from
a simple model for the electric field in the vit¢inof a tip.

First, the tips were modeled as a small sphere teduie an infinitely small post,
such that the solution for the electric field ardwan equipotential sphere could be used
for the field around the tip. This model is a gr@pproximation, but the enhancement
of the electric field near a tip is due to the aiwe of the tip, or, to put it simply, its
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“sphereness.” Therefore, it was thought that etrgs gross approximation would
provide a useful model for field behavior.
The electric field outside of a sphere of uniforotgmtial is given by the inverse

square law:

| >

E(r)==F (81)

N

;
whereA is a constantA can be found using the definition of the elecpatential at the
surface of the sphefer =y

V() = —j E(F) [d? (82)

Due to symmetry the electric field is only a fuoctiof the radius. The electric field

vector is parallel to the radial unit vector, subht the dot product is always equal to

one:
V(r) =V(r) =~[|E(n)[dr (83)
v(r,) =—frﬁ2dr =rA (84)

Therefore A = rV(r,), and the equation for the electric field arountbaducting sphere
at potentiaN(r,) is completely defined:

E(r) = —ro\i o) ¢ (85)

The electric field described by Equation 85 hasagmitude that increases wite-
creasingtip radius, but the field decays more slowly withreasingtip radius. One can
estimate the critical ionization radius for a tipacged to a certain potentisl(r,) by
assuming that all gas molecules inside a radiwshich E(r) is greater than the ioniza-
tion potential divided by the atomic radius will Bnized, and all atoms outside this
radius will remain neutral. First assume that ddgutn has the same ionization potential
as hydrogen, which, for the,Hnolecule?® is 15.6 V. The atomic radius can be esti-
mated using the Bohr model of the hydrogen &fpmwith the electron in the first
quantum state. This gives:

r, =0.0529nm=a, (86)
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where ap is the Bohr radius. Therefore, one can estima&¢ tire gas will become
ionized when it is in a region where:
156V

E(r) = =295x10" V/m (87)

Figure 8.11 shows the electric field strength @gaf a 150 kV charged sphere versus
distance from the center for spheres of various. rad
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Figure 8.11 - Electric field strength outside of a 150 kV $pere as compared to the critical field
strength for the ionization of D..

To optimize the tip size based on this model, most maximize the volume of the
region inside the critical radius of ionizationcesive of the volume of the conducting
sphere:

Vcrit = 4_n(

r.cs;it - r.s:‘;)here) (88)

This optimization calculation ignores some possidmefits of the high electric field
near small tips, such as a possible improvemeBX' wersus B ionization. As Figure
8.12 shows, this model predicts that, for a 150dotential, the sphere radius most
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effective at ionizing deuterium gas would be appr@tely 300 nm. Furthermore, the
70 nm sphere, corresponding to the 70 nm catwhigkeised in most neutron pyroelec-
tric production experiments, would seem to be famf the optimum based on this

model.
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Figure 8.12 - Plot showing the volume of ionization veus sphere radius for deuterium gas in the
vicinity of a sphere charged to 150 kV.

This model was tested by comparing the neutrofd yi®m pyroelectric neutron
experiments using 200 nm tips with similar expenisausing 70 nm tips. It was found
that, with conductive epoxy, the 200 nm tips yiel@eslight improvement over the 70
nm tips (14000 £ 500 neutrons / cooling phase weif600 + 500 neutrons per cooling
phase).

However, when non-conductive epoxy was used tontnthe tip and copper disc to
the crystal, the 200 nm tips were far inferior te 7O nm tips. Figure 8.13 is an MCS
plot from the most successful neutron productiopeexnent using a 200 nm tip. Aside
from the “plasma peak” at t = 150 s, there is es@iynno above-background emission.

(The occurrence of spurious neutron count rate ealch as the one shown in Figure
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8.13, might be due to the formation of a plasmth@tip vicinity. This phenomenon is

discussed in detail in Section 8.5.5). The totsavved yield for this experiment (i.e.,

not corrected for intrinsic or geometrical deteaticiency) was 211 observed neutrons,

versus over 3000 observed neutrons for the mostessful experiment in the same

configuration with a 70 nm tip.
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Figure 8.13 - Neutron count rate versus time for an expement with a 200 nm tip and a non-

conductive interface between the tip mount and the gstal.

Why did the 200 nm tip not give the expected biemefneutron yield? There are

several possible answers. First, Figure 8.12 shibevsolume of ionization for a sphere

charged to 150 kV. If the same analysis is peréatrfor a sphere charged to a lower

potential, say 100 kV, the result is very differenfFigure 8.14 shows that when the

sphere is only given a potential of 100 kV, instedd50 kV as before, the radius with

the maximum ionization volume shifts to a lowerua(~200 nm instead of ~300 nm).
Still, even at 100 kV, the charged sphere modelvshthat a 200 nm tip should be

favorable to a 70 nm tip.
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Figure 8.14 - Volume of deuterium gas ionization in the ginity of a 200 nm tip at 100 kV.

Finite element modeling of a sphere and tip gnetlaer clue. Figure 8.15 shows a
2D model run in COMSOL Multiphysics. In the modaI).1 mm-radius sphere was set
at 1000 V potential and placed in a grounded 2 cncxn box. In the adjacent box, a
0.1 mm-radius hemisphere on a 0.1 mm-radius cytintipost was set to 1000 V and
placed in an identical grounded box.

Figure 8.16 shows the strength of the electrid faa a line drawn along the horizon-
tal through the center of both boxes. This plaiveh that the inclusion of the post, in
what is a more accurate representation of a qgahén a sphere in free space, causes the
maximum electric field strength to decrease, bufatboff more slowly at increasing
distance from the center. In comparison to theespmodel, the post essentially makes
the hemisphere behave like a sphere of a slightlyel radius. This may explain why

there wasn't an advantage in using the 200 nnmsfead of a 70 nm tip.
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Figure 8.15 - COMSOL finite element analysis plot of eledt potential contours in the vicinity of a
charged sphere and a hemisphere on a conducting podoth objects had radii of 0.1 mm and were

in 2 cm square grounded containers.
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Figure 8.16 - Field strength along a horizontal line drawnhrough a sphere [left] and hemisphere on
a post [right], both at 1000 V. Grounded barriers exist 80, 2, and 4 cm.

8.5.3 Neutron Production Experiments with Non-Conductive Epoxy hterface

After successfully producing neutrons with a paioceystal pyroelectric source, the
next step was to attempt to improve the neutroidyie move closer to a practical
source for field and industrial applications. Tderimental setup remained the same
throughout this chapter (see Figure 8.10). Thg oh&nges were to the target, ionizing
tip, and the interfacial layer of epoxy holding tt@pper disc (to which the ionizing tip
was mounted) to the crystal surface. The mostesstal method of increasing neutron
yield was to replace the conductive epoxy interfased in Section 8.5.2 with non-
conductive epoxy .

At this point, the analog electronics used toganfpulse-shape discrimination were
replaced with an Acqiris PCI analyzer board. Aadetl description of this system is
given in Appendix I.
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The use of non-conductive epoxy was shown ea(ee Figure 8.6) to have a
benefit in terms of producing high-energy positivas, presumably because the field
and acceleration potential can build to a high edhefore charge is removed at an
appreciable rate via field ionization. This adway® resulted in a dramatic increase in
neutron yield when non-conductive epoxy was useolane of conductive epoxy when
attaching the ionizing tip to the crystal surfacEigure 8.17 shows a single neutron
spectrum from an experiment utilizing a tip mounteith non-conductive epoxy com-
pared to three summed spectra from an experiméiaing conductive epoxy. The bins
are somewhat wider for the non-conductive epoxg,datd the detection efficiency was
better due to the use of a larger detector (5.E¥ead of 1.3%).

The experimental data plotted in Figure 8.17 regme the most successful experi-
ment run with non-conductive epoxy. This run re=iiiin the detection of 3039 fusion
neutrons with pulse heights above 150 keWhe intrinsic detector efficiency with a
discriminator level of 150 keMvas calculated in SCINFUL and found to7pe = 0.48.
The distance to the detector from the center otahget crystal wad = 8.1 cm. Since
the detector had a radius @f 6.35 cm, the solid angle for detecti@nassuming that

the crystal behaves in a similar manner to a Ewatce, is:

Q=271-9 (89)
Vd? +a?
Q=2 1—L} =1.338 (90)
V81% +6.35
The total detection efficiencyo: is then given by:
QL
= n 91
Mo == (o1)
= 1.338(0.48 _ 0,051 (92)
ar

Thus, in the run where 3023 + 55 neutrons werergbde 59000 + 1000 neutrons were
generated by the pyroelectric source.
Therefore, the total neutron yield improved fro66@0 + 500 neutrons per cooling

phase (the best observed yield from a 70 nm tipntezbwith conductive epoxy) to
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59000 * 1000 neutrons per cooling phase. The amrtre calculated neutron yield is

due to counting statistics only. Additional erchre to the detector efficiency calcula-

tion is not included.
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Figure 8.17 - A single neutron spectrum from a system withon-conductive epoxy connecting the

ionizing tip to the crystal compared to three summed sgctra from a system using conductive epoxy.

Figure 8.18 shows that the neutron spectra fronmeutron experiments are consis-

tent with measurements using the same neutrontdetaca time-of-flight experiment
(with 2.5 # 0.1 MeV neutrons) and a SCINFULsimulation of the detector with 2.5

MeV neutrons. The apparent difference in endpeirargy for the pulse height spectra

shown in Figure 8.17 can be attributed to pooissies at this energy.
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Figure 8.18 - Comparison of neutron spectra from experimnts using non-conductive epoxy with
pulse height spectrum from a time of flight experimen{dashed line) and a spectrum calculated with
a SCINFUL simulation of the detector (dotted line).

It is important to consider the difference in meatdetector location when compar-
ing the experiments conducted with non-conductpexg with the earlier experiments
using conductive epoxy. This is because the nawgmission angle from D-D fusion is
highly anisotropic. In the experiments using casithe epoxy”, the detector was at an
angle of &/4 relative to the axis of the incident ions in ledordinates. For 100 keV
incident deuterons, the anisotropy of the emitteditrond® results in the under-
prediction of neutron yield by 4% if the yield ialculated by assuming isotropic emis-
sion. The detector used in the experiments with-cunductive epoxy that resulted in
the increase in neutron yield shown in Figure 8/H8 positioned at an angle o2 in
lab coordinates. This is a less favorable angtengutron emission, and the neutron
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yield calculated using assuming isotropic emissinder-predicts the source strength by
26.7% for 100 keV incident deuterons. The caleoabf the differential cross section

for anisotropic neutron emission from D-D fusioriscussed in detail in Appendix V.

8.5.4 “Plasma” Peaks

It is observed that, during the neutron emissioase of the heating cycle, there may
be one or more instances in which the x-ray androeucount rates simultaneously
increase by more than an order of magnitude. @pethesis is that this phenomenon is
due to the formation of a plasma near the ionizipg If there is a high enough popula-
tion of electron / ion pairs near the tip, then pekhielding will prevent the potential of
the tip from affecting the ions and electrons, arstate of quasi-neutrality is achieved.
At this point, a plasma is formed, and the numldeons (for neutron production) and
electrons (for x-ray production) are both increasells ions and electrons leave the
plasma region, they are no longer shielded fromettternal potential, and are acceler-
ated into their respective target crystals. As pbeulation of the plasma region is
reduced, the increase in the count rate decays foatke non-plasma value. At this
point, the appearance of the count rate peaks tasn@ontrolled, but rather occurs
randomly. However, it is clear that the abilitydontrol the occurrence of these peaks
would greatly improve the neutron yield from a pslextric source.

Figure 8.19 shows a count-rate peak which was wébdaturing a neutron produc-
tion experiment conducted with a non-conductiveriiaice between tip and crystal. In
this experiment, a total of 2337 neutrons were tedin 1326 of these were counted
during the peak (57 + 3% of the total). The ineeean the count rate in the photon
window was due to an abundance of high-energy g-ayer the discriminator level)

produced by the secondary electron pairs.
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Figure 8.19 - Plot of neutron and photon count rate vs. e for a neutron production experiment in
which a count rate peak was observed.

Contamination of the neutron spectrum with gammmabarays can be discounted,
since the increase in counts in the photon wind@8 wonstrained to pulse heights of
less than 105 keyY which corresponds to the Compton edge of a 2256 eay, as
shown in Figure 8.22. The discriminator settingtfee neutron window was set to ~150
keVe.

However, similar peaks have been observed wheratipgrat base pressure in air,
10° - 10° Torr. These experiments were conducted with #mesgeometry used for
neutron production experiments, and the crystaleweated and cooled with the same
temperature profile. The only difference is theklaf a fill gas. The position of the x-
ray detector changed between experiments, but enéran detector was in the same
position, with the same amount of lead shieldimgp neutrons are observed without a
deuterium fill gas, but the x-ray MCS spectra shpeaks. This gives some reason to

doubt that the cause of the peaks is plasma foomagince the gas population is two to
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three orders of magnitude less when at base peetizam it is during neutron production
experiments. Figure 8.20 shows the x-ray MCS spetfrom one such experiment.
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Figure 8.20 - "Plasma" peak from an experiment at base presire.

Figure 8.21 shows that the neutron count rate doesncrease due to the observa-
tion of a “plasma” peak when no deuterium fill gagpresent. This is evidence that the
increased neutron yield observed in Figure 8.1iddue to x-ray count pileup.
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Figure 8.21 - Neutron window counts from an experiment irwhich a count rate was observed in
absence of a fill gas. The counts observed were nogrgficantly above background. The x-ray

endpoint energy was >150 keV.
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Figure 8.22 - Plot showing the counts in the photon witow during a "plasma" peak versus the
counts during normal operation. The increase in countss due entirely to pyroelectric x-rays. The
spectra were normalized to appear equal over the high-engy regime.

It is important to verify that the increase inlgliées indeed due to the formation of a
plasma. This can be done by examining the threeliions for plasma formatidh
These conditions are:

1. The Debye length must be much smaller thanithermsions of the experiment:

A <L (93)
e KT. Y'*
/1D :{ Oneze } (94)

where/lp is the Debye length, is the size of the experimetT. is the kinetic
temperature of the plasmais the particle density far from the external pied,
and e is the elementary unit of charge. For temperatnrenits of °K, this
reduces t6:
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T 1/2
Ap = GQOOEE—j centimeters (95)
n

In a plasma, charges can redistribute themsetvesrmpensate for any large ex-
ternal potentials. The Debye length is a gaugthefthickness of this shielding
layer (it is the characteristic exponential deaaygth of a shielded external po-
tential). If the size of the experiment is larglee Debye length, then a stable
region of plasma can exist in a volume free ofdffect of external electrostatic
potential.

2. The number of particles in the Debye sphBkg,must be large enough to vali-
date the concept of Debye shielding. (The Debyespdescribes the volume of
the shielded region.) This is quantified by theqguality:

N, >>1 (96)
where

4

N, = 2 ni,° (97)

3. The plasma must be governed by electromagf@ties, instead of hydrody-
namic forces. In a magnetic confinement fusioniaevthis condition is met
when the product of the plasma oscillation freqyeng and the mean time be-
tween random collisions of the atomsgs

w,r,>1 (98)
In a pyroelectric source however, the hypothetmlabma would not oscillate,
since there is no magnetic confinement field. &fore, only the first two of
these criteria will be considered.
To see if the first of the plasma conditions iEs$@d, one must find the Debye
length for the plasma. If the pressure in theesysis 4 mTorr, the number densityof
deuterium per unit volume can be found using the ideal gas law:

n P
= 99
V RT (99)

Equation 99 yields a number density of 5.44 X“fol / cnd, or 1.32 x 16 atoms / m

for a room temperature gas. |If it could be assuthed the plasma was at thermal
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equilibrium, one could consider a room temperaplasma T = 293°K), with a kinetic
temperaturT of 2.52 x 1¢ eV. For this condition, the Debye length of thesma is
3.51 x 10° cm, which is much smaller than the scale of theeeiment (i.e., several
centimeters). Figure 8.23 shows the Debye length &unction of temperature for a 4

mTorr deuterium fill gas.
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Figure 8.23 - Debye length for a 4 mTorr deuterium gas asfanction of temperature.

However, the ions in a pyroelectric accelerat@ @ot in thermodynamic equilib-
rium, but instead are being accelerated away frieencharged tip. By calculating the
Debye length based on the energy of the deutetisey accelerate away from the tip,
one can see that the first condition for plasmanédion is only satisfied for a very short
distance around the tip. Figure 8.24 shows thad fepherical tip charged to 100 kV, the
Debye length would be greater than 1 cm by the timeparticles traveled 25 nm from

the tip for any gas pressure up to 10 mTorr.
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Figure 8.24 - Debye length for a deuteron plasma as a funeti of radius as the ions accelerate away
from a 70 nm radius sphere charged to 100 kV.

Therefore, from the first plasma criterion, it seedoubtful that the formation of
plasma can explain the spurious count rate pe&k®wever, the second condition for
plasma formation is that the number of particlesde the Debye sphere must be large,
such that the concept of Debye shielding is vakiure 8.14, shows that the ionization
volume is on the order of 8- 10%° m®. The ideal gas law revealed that the gas density
at room temperature in the experiment is on themod 10°° particles per cubic meter.
Therefore, the population of the ionization regisron the order of one particle. This
suggests that the calculated Debye shielding leisgitivalid in determining whether a
plasma exists around the tips used in pyroelectentron production experiments.
However, since the particle density inside thezation volume is so low, one can also
see that the population of this region will vargaply. This is especially true since the
velocity of D, gas particles at room temperature is ~1100 mvh&h is great compared
to the width of the ionization region (tens to hreds of nanometers). The average
population of the ionization region, which was stadbe about one particle, will be
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comprised of many particles rapidly passing in aotlof the volume, at a rate of about
10" events per second (for a critical radius of 20Q.nffhe statistical variation in the

gas population around the tip may explain the ramd@ture of the “plasma” peak

formation. For example, if the gas population tliated above a certain value, the
Debye shielding criteria would suddenly be satésfiend the formation of plasma would
be the expected result.

The phenomenon of spurious count rate peaks malubdo a phenomenon other
than plasma formation, and more work is requirefdrieethe cause of these peaks can be
determined with certainty. However, the undersit@ndind control of these peaks is
clearly an important means of increasing the neutield from pyroelectric neutron
sources, and warrants further study. In futureedgrpents, a low-light astronomy
camera will be used to attempt to photograph charatic light from the plasma in
order to verify whether plasma production is theseaof the count rate peaks.
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9 Discussion and Conclusions

9.1 Introduction

The work constituting this thesis represented rsdvmportant steps forward in the
field of pyroelectric radiation generation. Theldwing chapter summarizes those
achievements and outlines future research goalshadan further advance the science
of producing useful radiation with pyroelectric stals.

9.2 Electron and lon Emission Experiments

This research confirmed that the charge emittegyogelectric crystals is focused,
and that the focal length was accurately predi@teéd 1 cm-radius crystal by assuming
that all of the charge was located at the crystiglee A model based on the Fowler-
Nordheim equation for field electron emission freonductors in strong electric fields
was modified to allow the calculation of the timepédndence of electron emission for a
given geometry. An electron beam was extractedhfeo beryllium window on the
vacuum chamber and measured with a Faraday cup exgeriment that showed the
possibility of creating an industrial or medicalrpglectric electron source by allowing
the transport of the beam to the outside of theiwacchamber.

Both electrons and ions were measured with ancatied surface barrier detector to
quantify their energy spectra. The ion energy amadent produced by different cath-
odes mounted to pyroelectric crystals in deutergas were used to assign a figure of
merit for each cathode as a means of maximizingnghéron yield from pyroelectric
fusion. The maximum electron energy measured fidrare crystal was 143 keV. The
maximum ion energy from a bare crystal was meastodue 98 keV. The maximum
measured ion energy with a crystal connected t@aming tip (with non-conductive
epoxy) was 79 keV.

9.3 X-ray Production Experiments

This work represented the first independent \aaifon of the generation of x-rays
using pyroelectric crystals, first observed by Broidge’. The modeling of the crystals

and target as a system of capacitbrgas used to predict an improvement in the accel-
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eration potential as a function of crystal thiclsxe§ his model was verified experimen-
tally, and experiments showed that it was diffidoltimprove the acceleration potential
in a lithium tantalate system by increasing thestalythickness past 1 cm, due to para-
sitic capacitance and difficulty in heating. Theewf paired pyroelectric crystals was
shown to be a viable technique for generating &naith a maximum energy of over
200 keV. The energy and yield achieved during dbarse of this work is still the
greatest reported for a pyroelectric x-ray generatBy using the advantage in x-ray
energy afforded by the paired lithium tantalatestais, it was shown that the character-
istic k-shell x-rays of any element up to thorium=90) and uraniuf (z = 92) could
be fluoresced. This is clear evidence that pyatete x-ray generators have a wide
range of research and industrial applications, @rdeffectively replace x-ray tubes and

radioisotopes in x-ray fluorescence applications.

9.4 Neutron Production Experiments

The neutron production experiments discussed mpn 8 were the first confirma-
tion of the possibility of pyroelectric fusion pigiled the previous year Unlike the
previous work, the crystals were cycled betweemrdemeperature and ~14%) and
could therefore be heated using low-wattage thelent& coolers instead of cryogenic
cooling. The source developed at RPI also useegarystals, which are expected to
eventually allow a substantial improvement in nentyield versus single crystal sys-
tems due to the energy dependence of the fusioss @ection and target penetration
depth. Finally, methods of improving neutron yjeddch as optimizing the ionizing tip
diameter and better understanding the phenomen@pla¥ma peaks,” were identified,
and preliminary research on these methods was ctetlu The pyroelectric fusion work
conducted as part of this thesis has been recaty@gehaving potential for homeland
security applications, and it will be continued ané grant from the Department of
Homeland Security. With continued improvement eutnon yield, a commercial
pyroelectric fusion source is inevitable, and wikkly be the smallest and least expen-

sive neutron source on the market.

88 poor statistics at high energy prevented clear discetrwhémek;, peak.
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9.5 Future Work
9.5.1 X-ray Generation and Pyroelectric X-ray Imaging

Pyroelectric x-ray generation is already a commadélycviable technology, but there
are still several areas in which further researoluld be beneficial. First of all, it may
be possible to raise the upper limit on x-ray epdryg finding new pyroelectric crystals
which are more thermally conductive than lithiumttdate (to allow thicker crystals to
be used), or which have a higher pyroelectric ¢oiefit or lower relative permittivity, in
order to create a higher potential for a giventedysize and\T.

There is a possibility that pyroelectric x-rays d¢@nused to produce low-power port-
able x-ray imaging systems. Experiments were cotmduat RPI using a Photonic
Science XRGEMSTAR CCD x-ray camera, with an x-rayrse comprised of a 30 mm
diameter by 10 mm thick lithium tantalate crystadlanolybdenum target, in which the

x-rays from the target were used to image eleateorequipment and bait fish.
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Figure 9.1 shows an image of a PC BIOS chip talsmguthis system. These ex-
periments were somewhat successful, but more wedds to be conducted before
pyroelectric x-ray imaging becomes a useful techgl

X-ray image

Actual size .

Figure 9.1 - Image of the internal circuitry of a Texas Instuments TMS320C25FNL digital signal
processor. Exposure time = 30 seconds. Actual width24 mm.

9.5.2 Physical Model for Charge Focusing

Experiments have shown that the electron emisBimm a pyroelectric crystal is
focused, and that the focal length is predicted Vwglthe assumption that all of the
crystal charge moves to the edge, forming a rirege (Shapter 5). However, this behav-
ior cannot be predicted based on a bound-chargelnoda polarized crystal, and is also
not predicted by a model assuming free chargesherciystal surface. Therefore, a
more sophisticated model needs to be developedphie the formation of the ring

charge and the asymmetry of the charge emissiogradss in Figure 5.5.

140



9.5.3 Experimental Design

This is a rather broad and apparent topic, bigtaertainly of import for the future of
pyroelectric x-ray and neutron generation. It haesn demonstrated in this thesis that
the acceleration potential for a pyroelectric radimsource is inversely proportional to
its capacitance. The model of acceleration paéptesented in Section 4.3 was limited
to semi-infinite planar surfaces in the interessiofiplicity. One might seek, therefore,
to improve performance by considering crystal aachdét geometries which would
reduce capacitance relative to the current plangtal surfaces and targets. There will
also always be a need for the reduction of eletiosdischarge by polishing the
crystals and maximizing the distance between tlystals and surrounding surfaces.
Finally, the experimental geometry can be improt@anaximize the number of field
lines (i.e., the number of emitted particles) whiehach the target, instead of being lost

to surrounding surfaces.

9.5.4 Design of and Testing of New Crystals

Lithium tantalate and lithium niobate are popuraterials for pyroelectric x-ray and
neutron generation due to their convenient Curigerature, low cost, and good ratio of
pyroelectric coefficient to capacitance. Howewingce pyroelectric radiation generation
iIs a new technology, many crystals desirable farilar favorable properties are not
readily available from commercial suppliers. Pipieeamong these are doped species of
pyroelectric crystals. (For example, Bagi®ith trace cobalt doping has a pyroelectric
coefficient® of 1200 - 3500). Doped crystals also have ardistilisadvantage, how-
ever, in that they typically are more electricalynductive than un-doped crystals. One
possible advantage is that while doped crystal® hasreased electrical conductivity,
electrical conductivity is typically married to tineal conductivity. Therefore, it may be
possible to avoid high relaxation current by usthgk crystals, thereby adding low
capacitance to the improvement in pyroelectric fimeft. It may also be possible to
design new crystal species specifically for theerin(i.e., low capacitance and high
pyroelectric coefficient) as pyroelectric radiatisources. It is important, therefore, to
test species of crystals other than Lita@d LINbQ to see if an improvement can be
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made upon the currently available ~250 kV maximuoteptial in a paired-crystal

pyroelectric radiation source.

9.5.5 Neutron Experiments
9.5.5.1 Optimizing Tip Diameter

It has been shown, experimentally and theoreyictiat tips which are too great in
apex radius cannot ionize deuterium gas. HowemeBection 8.5.3 it was shown that
the best tip radius for deuterium gas ionizatiory mat be the smallest available radius,
since larger tips may ionize a greater volume @&f @a long as the field in the tip vicin-
ity stays above a critical value for a reasonali¢adce from the tip. The continued
study of the effect of tip size on ionization eificcy will therefore aid in the design of

neutron sources with long lifetimes and good iotieraefficiencies.

9.5.5.2 Optimizing Experimental Materials

It was demonstrated that the neutron yield wasttyremproved by switching from
conductive epoxy to non-conductive epoxy. One hiypsis is that the reduction in
interface conductivity causes the necessity ofghdr electric field for a given electron
current, thus causing the pyroelectric charge tddpgeted in the form of ions at higher
energy. However, to this date experiments have beén conducted with two epoxies,
and it would be beneficial to test a wide rangeepbxies to determine the optimum
conductivity. It is also necessary to determinetlibr some other property of the epoxy

is responsible for the change in neutron yield.

9.5.5.3 Studying Changes in Tip Radius and Target Material

The neutron generators discussed in Chapter 8stedf 70 nm - 200 nm tips as
the ion source, and a thin (~10 micrometer) detedralastic layer as the target. It is
known that strong fields are present in the vigii the tip. It is necessary to study the
change, if any, in the shape of the tip due todtneng field and the electron current
incident on the tip due to the field ionization ¢éan. The long-term performance of
tips of different diameters must be tested to deitez whether the rate at which a tip is

destroyed is dependent on the tip radius.
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It is important to study the deuterated plastigeato determine the useful lifespan
of the target. There are several means by whiehiatget may be ruined. Microscopic
surface defects on the target-coated crystal coalde large local electric fields, which
could then field ionize the target atoms when thigstal is positively charged. The ion
current necessary for the fusion reaction could disstroy the target, by kinetic energy
transfer to the outermost target atoms, causingtiabl Finally, the chemistry of the
target over a long period of use has not beenedudit is therefore unknown whether
the heating and cooling of the target, or the gjrefectric field, cause it to adsorb

impurities, the presence of which would cause acgadn in the target efficiency.

9.5.5.4 Developing New Methods for Gas lonization

The neutron production experiments performed agsareh for this thesis were
almost all performed with either bare crystals @hhyielded no neutrons) or crystals
attached to a metallic tip. The purpose of thewtigs to enhance the electric field in a
small volume, and thereby increase the yield o ivom field ionization.

There are other ways to ionize a fill gas. Onehogtmay be to use a hot filament to
emit electrons, which would then cause impact @tz with the surrounding gas, as in
a Bayard-Alpert gauge. It is also possible to havéeld ionization source, but to
separate that source from the pyroelectric cryssaish that the ion current and acceler-
ating field strength can be de-coupled. For examgpltransformer providing 15 kV of
accelerating potential from an input voltage of2:\ has been shown to be a sufficient
power supply to ionize gas when coupled to a carmotube cathod® A secondary
advantage of separating the ion source from thstalsy/is that both crystals could be

covered with deuerated targets, thereby doublieghgutron yield per thermal cycle.

9.5.5.5 Understanding and Controlling Count Rate Peaks

As demonstrated in Section 8.5.5, the random oenoe of peaks in the neutron
count rate, currently attributed to the formatidrplasma, causes a tremendous increase
in the x-ray and neutron yield. However, nonehaf €xplanations for the peaks offered
in Section 8.5.5 is entirely satisfactory. For mpée, the classic criteria for plasma

formation are not met in the system, but the rdtehange in the count rate is more
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suggestive of plasma formation than of a surfadecebr the change over from,D
production to D production. The study and understanding of thereaof these peaks
would be of great benefit, especially if it ledth@ ability to control their formation.

9.5.5.6 Designing a Portable System

The goal of pyroelectric fusion is to allow theoguction of low-cost portable
neutron sources. However, research on this togécheen conducted with bench-top
systems with attached gas supplies and turboma@lequimps, and with copious
amounts of analytical instrumentation. As a probtoncept, it is important to design
and build a sealed portable source, filled wittheitdeuterium or tritium, that can be
used without the support of an attached pump orsgpply. This source would be of

great value in demonstrating the merits of pyrdeledusion technology.
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Appendix | - Neutron Detection Electronics

The neutron emission presented in Chapter 8 wesctdel using a proton recoil
detector. This detector relies on the scatterihgncoming neutrons with hydrogen
atoms in the scintillating medium. Since hydrogewlei (protons) are identical in mass
to neutrons, it is possible for a neutron to lob®fats momentum (i.e., impart all of its
energy) to a proton in a collision. The energyamed in a collision corresponds to the
pulse height of the detector signal. For neutrolisitons with hydrogen, any pulse
height, from 0 eV to the incident neutron energyequally probable. Due to detector
resolution, carbon scattering effects, and detewtmiinearity®, the observed response
function to a source of monoenergetic neutronsaf&’ x 3" EJ-301 scintillator looks

instead like the spectrum shown in Figure I.1.
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Figure I. 1 - Measured neutron and gamma response in an E3B1 scintillator.

Figure 1.1 shows that the light output from inaitlgammas, which usually Compton
scatter with the atomic electrons in the scinoliahstead of scattering off the nucleus, is

higher than the proton recoil light output for thent neutrons of the same energy. The
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x-axis of the pulse height distribution is therefaralibrated in units of MeMMeV-
electron), which corresponds to the detector'sarse to gammas. The neutron energy
is then determined by finding the energy of theeethgterms of Mey, and then convert-
ing to MeV, (MeV-proton) using a calibration curve such asdhe shown in Figure 1.2.
This curve was prepared by plotting the light otitfur neutrons of different energy
produced in a time-of-flight [TOF] experiment, apbbtting that output against a cali-
brated MeV\ scale. Data from a published calibration cfitvare included for

comparison.
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Figure 1. 2 - Proton recoil energy versus electron redloenergy. The six points shown as black
squares were using TOF method and is used to calibratedmeutron energy scale of the detector.
The data represented by the dotted line was taken from olI®®. The dashed line shows that a pulse

height spectrum from 2.5 MeV neutrons would have an endpnt of ~750 keVe.
The neutron detector used in this work was a &hiter x 3” Eljen 510-50X30-

5/301 proton-recoil detector. The liquid scintilawas coupled to a Photonis XP4572B
photomultiplier tube and a Photonis VD105K/01 b@s# terminated). The scintillating
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material* was EJ-301, which is compogdaf 55% hydrogen and 45% carbon (by
atomic fraction) , and has identical behavior to NE-213.

The detection system discriminates against gamiaapulse shape discrimination.
Since gamma pulses have a much shorter fall-tire tieutrons, gamma counts can be
eliminated by electronically selecting long pulsesl rejecting short pulses. In early
experiments, the signal from the detector anode amadyzed with analog electronics.
In these experiments, the detector power supplyseat -1100 V. The signal from the
anode was sent to a preamp, and was then dividec&e two legs. The first leg was
delayed in a delay amplifier and then amplifiedabgpectroscopy amplifier, and finally
sent to the linear input of a linear gate. Theoeddeg was amplified and conditioned
by a delay line amplifier, and then sent to a PSLA. This module provided start and
stop signals to a TAC based on the pulse time. TAE then discriminated against
short pulses (i.e., gamma pulses) while providirggtrol signal to the linear gate upon
receiving long pulses (i.e., neutron pulses). hia tase, the linear gate would allow the
signal from the anode output to be sent to theirablinnel analyzer. See Figure 1.3.

™ The composition of EJ-301 is 3.98 x?d@toms per crhcarbon, and 4.82 x fbatoms per crh
hydrogen.
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Figure 1. 3 - NIM electronics used to detect neutronand discriminate against photons.

In later experiments, the NIM electronics werelaeed with an Acqiris AP240 data
acquisition board. In addition to the simplicity requiring only a high-voltage power
supply instead of a NIM bin full of electronicsjdtsystem offered enhanced capabilities
over the original NIM-based system. Specificaltgch pulse could be recorded indi-
vidually, along with the time at which it was reded, allowing an entire experiment to
be “re-played” on the computer. It was then alsssible to look at neutrcand gamma
pulses in a fall-time scatter plot, in real timehile viewing gamma or neutron pulse
height spectra. When using the Acqiris board ttecbdata, the high power supply was
set to -1400 V instead of -1100 V to increase thisgpamplitude.

The Acqiris board had 8 bit resolution and samg@ed-2 gigasamples per second.
The signal from the anode of the proton recoil cietewas digitized by the board. Each
pulse from the detector was sampled at many poamd, the points from each pulse
could either be compared to find the maximum ptlksight, or integrated versus time to
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yield the integral pulse area. The Acqiris bodswb @gave the fall time for each pulse to
allow pulse shape discrimination.

The software used to control the board and analygedata was written by Frank
Saglime. In the software, fall-time scatter pldédl-time histograms, MCA, and MCS
spectra could be viewed and saved. By defininggmwsis based on fall time and pulse
height, the pulses could be separated into a newtiodow and photon (gamma and x-
ray) window. Pulses from neutrons tend to haveghen ratio of slow light component
to fast light component than pulses from photonsl, the resulting difference in pulse
fall-time can be used to distinguish neutrons figmtons. Figure 1.4 shows a fall time
scatter plot from a successful neutron productxpeament. The upper group of data
points is grouped in the neutron window, and remmss the neutrons generated by
pyroelectric fusion. The lower group of data psiobnsists of background gammas and
x-rays produced by the pyroelectric acceleratohe Tower boundary of the neutron
window (effectively acting as a pulse height disgnator) corresponds to 93 keV
When calculating the total neutron yield, only meatpulses of above 150 keWw pulse
height were counted. This provided additional emste that x-ray pulses were not
counted as neutrons.

Figure I. 4 shows that neutron and photon falktidistributions can overlap for
low values of pulse height. The neutron windowiisgé were chosen to be conservative
at low energy. However, to verify that photons tcitmited very little to our neutron
count, the photon yield from a pyroelectric expemnwas simulated using a low-
energy gamma source. Whenh*#Ba calibration source was located in the proxiroity
the neutron detector to provide the same photomtcaie as observed in pyroelectric
neutron generation experiments (~500 CPS), it vilerved that the leakage of photon
counts into the neutron window occurred at a r&bout 0.2 counts per second.
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Figure 1. 4 - Fall-time scatter plot from a successfuheutron production experiment. Upper window

collects neutron counts, lower window collects phoh counts.
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Appendix Il - Vacuum System and Instrumentation

1.1 Vacuum Chamber
[I.1.1 Elastomer Seal Components

In experiments performed for this thesis, it wasassary to frequently open and
close the vacuum chamber to modify the experimesyilace crystals, and so forth.
Therefore, it was important to design the experisavith vacuum seals that could be
re-used, and flanges that could be easily sepamtddput back together. For this
reason, Quick Flange vacuum components were sdléatemost of the experimental
apparatus. Quick Flange seals consist of a metaledng ring which holds an elas-
tomer (e.g., Buna-N, silicone, or Viton) o-ring. héke seals are clamped between
smooth surfaces of the two adjoining flanges.

Since Quick Flange seals are elastomer, they ear-bsed, and they can be quickly
taken apart due to the use of either a single wimgeollar clamp or several double claw
clamps to secure the connection. However, thezesaveral limitations of the Quick
Flange design. First, the elastomer seals do afat Yacuum as well as metal seal
flanges, and the seals themselves can outgaslglightypically, therefore, elastomer
seal components are only rated t6° T®rr. Second, the use of polymer seals limits the
temperature to which the system can be heated, #QWC in the case of Buna-N to
200°C for silicone or Viton. For this reason, the vacuchamber cannot be baked out at

very high temeperatures.

[1.1.2 Metal Seal Components

Metal seal, or Con-Flat, vacuum components arestgrerior to elastomer seal
components in terms of vacuum rating tTorr) and maximum temperature (450°C).
They are also less expensive than Quick Flange coemis. Con-Flat flanges function
by knife edges on the flange mating surfaces autgirooves into a copper seal. This
seal does not outgas, and leaks less than anmaksseal. However, copper seals must
be discarded after each use, and Con-Flat flangesemled with bolts or cap screws,
and so they are far less convenient than Quickg@saifior applications where the system
has to be opened and re-sealed frequently. There some instances in the course of
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this thesis where Con-Flat flanges were used. A-Elat seal was chosen to attach a
beryllium window to the vacuum system, and a pdetgdyroelectric neutron source,
currently under construction, is fabricated enyin@ith Con-Flat seals (and an all-metal

valve).

.2 Vacuum Pumps
[1.2.1 Rotary-Vane Mechanical Pumps

Rotary vane mechanical vacuum pumps are usefutdfeghing applications (i.e.,
pumping from atmospheric pressure to ~20 mTorrheyloperate via rotating vanes
mounted off-axis, such that as the vanes rotasidarthe pump, the volume between the
vanes and the exhaust port increases for halfra &und then decreases for half a turn.
As the volume decreases, gas is pushed througtexhaust port, and then travels
through a reservoir of oil which seals the pumpriroutside pressure. The early x-ray
experiments described in Section 4.2 were pumped Wyelch Duo-Seal Model 1402
rotary vane pump, which had an ultimate pressure26fmTorr.

[1.2.2 Diaphragm Pumps

Diaphragm pumps have an operating range of atneogppressure to ~1 Torr. In
the pumping system used for the neutron produeig@eriments discussed in Chapter 8,
a DIVAC 0.8T diaphragm pump was used as the backurgp for the turbomolecular
high-vacuum pump. Diaphragm pumps use a pistaiive a diaphragm back and forth

in a cavity, with gas being expelled through a &hexdve.

[1.2.3 Oil Vapor Diffusion Pumps

Oil vapor diffusion pumps are used in conjunctwith a backing pump (i.e., fore-
pump) to reach high vacuum, with an ultimate basessure of 18- 10 Torr.
Diffusion pumps operate by evaporating low vapaspure oil with an electric heater.
The oil vapor then travels vertically through ac&taf cones, which direct the oil back to
the bottom of the reservoir at a high velocity. s@alecules which contact the oil vapor

can be trapped and transported to the bottom ofiifhesion pump, where the oil is re-
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condensed and the trapped molecules are removedtfre vacuum by the forepump
outlet, which is located just above the oil res@rvo

The diffusion pump used in the pumping systenttierx-ray experiments discussed
in Chapter 4 was an air-cooled Key High Vacuum C30RO, with a maximum pumping
speed of 285 L / s (for air). The DFP-3000 tooknBiutes to warm up, and has a
maximum operating pressure of 100 mTorr. For teé&son, it was separated from the
vacuum chamber by valves until the chamber was pdnp <100 mTorr by the rotary
vane backing pump. While diffusion pumps are chesagb powerful, they are not ideal
for experiments which must be altered often, sies must warm up prior to use, and
are therefore more favorable for experiments wkcmot require frequent venting and
re-pumping. It is also important to protect thegalectric crystals from being coated
with stray oil droplets, which can cause exceskdga current along the sides of the
crystal. In order to prevent this occurrences ihécessary to use a liquid nitrogen “cold
trap,” in which a cold finger causes contaminargora (such as oil) to condense.

[1.2.4 Turbomolecular Pumps

Turbomolecular pumps operate by compressing gas \series of rotor and stator
stages. The rotors have rapidly moving fan bladeish collide with the gas molecules
and propel them downward into the next stage, dinély reach the last stage and are
removed by the backing pump. Due to the high odtenotion of the rotors, turbo-
molecular pumps cannot usually pump against futicepheric pressure. Instead, the
gas must first be pumped to low pressure with &ibggump. After a diffusion pump
had been used to provide high-vacuum pumping farynad the electron, ion, and x-ray
production experiments, it was replaced with &duonolecular pump due advantages in
small size, ease of use, and lack of a warm upl/dmwn time.

The pumping system used in the neutron productipergments discussed in Chap-
ter 8 was a Leybold BMH 70 DRY turbomolecular pungpistation. The
turbomolecular pump (Leybold TW70H-DN631SO-K) ran 2200 Hz (72000 RPM),
and was coupled to a diaphragm backing pump (DINOAZT). The turbopump is rated
to pump N at 60 litres per second, o, HO litres per second. The ultimate base pressure
was rated at < 4 x 0Torr with the DIVAC backing pump, although thigtie is made
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under the assumption that the pump is sealed whlaak Con-Flat (i.e., metal seal)
flange. The maximum pressure for turbomoleculanpoperation was 15 Torr.

1.3 Vacuum Measurement
[1.3.1 Pirani Vacuum Gauges

Pirani vacuum gaug&soperate on the principle that the rate of heatsfex from a
hot object to the surrounding gas is a functiorthef gas pressure. By measuring a
temperature-sensitive physical property of a Hanfent, a change in heat transfer (and
thus change in pressure) can be detétted

Convectron gauges were used for all of the experisnm this thesis. Convectron
gauges are constant temperature Pirani gaugeshighwhe voltage across a tungsten
filament held at a set temperature is adjustedetepkthe temperature constant. The
voltage required to maintain the temperature setan then be used to find the rate of
heat transfer, and thus the vacuum pressure. Tgagges use convection in addition to
conduction to increase their operating range to-1@° Torr.

Since most Pirani gauges are factory-calibratednfieasuring B and the heat
transfer from the filament is dependent on the gpesies, it is necessary to convert the
pressure readout on the gauge controller to thespre corresponding to the gas being
measured by using a gas correction curve. Foispres less than 1 Torr, the curve is
linear, corresponding to a constant gas corredtotor. For the Pirani gauge, the gas
correction factor for deuterium at low pressfiie 0.79. To find the deuterium pressure,
the gauge reading must be multiplied by the gasection factor. Therefore, a 10
mTorr reading on a gauge calibrated for nitrogemld@orrespond to 7.9 mT of deute-

rium.

[1.3.2 Bayard-Alpert Gauges

In Bayard-Alpert gauges, also known as ionizagawiges, a glass tube encases a
filament surrounded by a coil. The filament is teela causing thermionic electron
emission. The electrons then ionize the surroundjag via impact ionization. The
ionization current is used to measure the gas pressBayard-Alpert gauges are useful
for measuring gas pressures of less than 1 mTaust as the heat transfer of the fila-
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ment in a Pirani gauge is gas-dependent, so i®theation current in a Bayard-Alpert

gauge. The gas correction factor for deuteriuf. 35 for gauges calibrated for N2. In
the experiments presented in this thesis, a Bajlpert gauge was used in conjunction
with a Pirani gauge to provide temperature indazafrom atmospheric pressure down
to high vacuum.

1.4 Vacuum System Used for X-ray, lon, and Electron Production
Experiments

For the first two and a half years of this projebe vacuum system was comprised
of an elastomer-seal chamber centered around aCkfee8and a KF 80 4-way cross,
with pumping provided by a rotary vane roughing pueoupled to an oil vapor diffu-
sion pump. The modularity of the vacuum chambenmmnents made it easy to run
many various experiments without having to buy nexeuum chamber components.
However, the system was limited by the poor pumpioger of the (salvaged) roughing
pump and the long warm-up time for the diffusiommpu The ultimate pressure of the
system was ~ IDTorr, which was sufficient for all of the experinte composing in
this thesis. Photographs of the modular vacuunmblea and the pumping station are
shown in 1.1 and Figure 11.2, respectively.
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a - Viewport

b - LF 80 - KF 40 Cross
Cc-LF 80 - KF 40 Tee

d - Flexible Hose to Pump
e - KF 40 Tee

f - Pirani Gauge

g - lonization-Gauge |
. ey
- - Electric Feed-through

Figure 1l. 1 - Modular vacuum chamber used in most x-rayglectron, and ion emission experiments.
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Figure 1. 2 - Pumping system used for the x-ray, electm, and ion emission experiments.

1.5 Vacuum System Used for Neutron Production Experiments

The vacuum chamber used in all of the neutron ymboin experiments was a
custom-made elastomer-seal chamber from Laco Témifies. This chamber consisted
of a stainless steel cylindrical canister with trperts halfway up the side. These ports
were used to attach vacuum instrumentation, gas-tf@eughs, cooling liquid feed-
throughs, and electrical feed-throughs to operhée experiment inside the chamber.
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Two mounting rails were welded into the chambemike it versatile to accommodate
unforeseen changes to the experiment. The tapeotanister was sealed with an LF
160 blank flange, which was made out of aluminubhe aluminum in the center of the
flange was bored out such that a 7.6 cm diamettiosein the center of the flange had
only a 0.6 cm radius, while the rest of the flahgel a 1.2 cm radius. This modification
was unimportant for the neutron production expenisebut rather was included to
allow the chamber to transmit low-energy x-raysudse in x-ray imaging experiments.
Table VI gives the dimensions for the vacuum chamkehotographs of the vacuum
chamber and the turbomolecular pump are shown3n Il

Table VI - Descriptive dimensions for the vacuum chamér used in the neutron production experi-

ments.
Dimension Value
Chamber Inner Diameter 14.5 cm
Depth of Chamber 15.7 cm
Distance between Mounting Rails 6.4 cm
Distance from Chamber Bottom to Mounting Rails an
Width of Mounting Rails 1.2 cm
Number of KF 16 Ports 2
Number of KF 40 Ports 5
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a - Lid
b - Electrical Feed-through

c - Pirani Gauge
d - Leak Valve

Figure II. 3 - Vaccum chamber used in neutron productionexperiments, shown with electric feed-

through, Pirani gauge, and gas leak valve.
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a - LF 160 Flange

b - Mounting Rail

C - LF 63 Pump Inlet

d - KF 40 Flange
e - KF.16 Flange

Figure Il. 4 - Vacuum chamber used in neutron productionexperiments, shown open without

attached instruments and pump.
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a - LF 63 Pump Inlet

b - Turbomolecular Pump

c - Inlet Screen

Figure 1l. 5 - Leybold BMH 70 DRY turbomolecular vacuum pump used in the pyroelectric neutron

production experiments. The vacuum chamber was attackieto the LF 63 pump inlet.
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Appendix Ill - Electron Detection Program

The following block diagram was for a program venit in Labview Express 7.0 in
order to collect electron and ion current data. e Turrent was collected from an
HP3458A multimeter. The software driver for theltimeter was found on the National
Instruments ftp site. Temperature data for thetaetywas also collected by this program,
using an HP3457 multimeter. The HP3458A driver feasd to work for this multime-
ter as well. The program collected data for agateamount of time, graphed the data
on-screen in real time, and wrote the data to dpubdile at the end of each run. The
block diagram has been split into two halves to entkarger and easier to use.

|r-1-.=_'as.urernent Time, Seconds |

N |Ftea|:| thermocouple |
s [Disptay T
= TEMPEF

EDEL |
1E+6 20 r,u,* I

m [Read current 5 times in 1 second, take auera@

200 'E'
OC current | _rfl:}:'l
5 ., ...

Integral
oMM - Signals
B ' UISRFT R I-t -
1.00 == =0

Figure 1. 1 - Left hand half of block diagram of Labview program used to collect temperature and

current data from pyroelectric ion and electron emisin experiments.
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|Display Temperature |
TEMPERATURE [C] |
khEL]

Write LabVIEW
Measurement Fle

w)—w Signals
|' Comment
|' Enable

|l‘ arror in {na erroe)
[»  File Name

[P new file
:l ¥ Reset
Srror out k

File Name Out K
Sawing Data *

|Add DC offset, if necessary |

Figure lll. 2 - Right hand half of block diagram for the Labview current and temperature data
collection program.
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Appendix IV - Data from Cathode Tests

The data below is the complete set of results fthen experiments discussed in
Chapter 7. A figure of merit was calculated foe #xperiments conducted in air to in
comparing the x-ray energy and ionization rate Wit deuterium ionization experi-
ments, but is not meant to suggest that neutramsiciaally be produced with an air fill

gas.

Table VII - X-ray endpoint energy and total emitted ion diarge measured for different cathodes

mounted to pyroelectric crystals.

Cathode Gas Emitted lon X-ray Endpoint Figuré of
Charge [C] Energy [keV] Merit
600 nm tip Air 0.01 mT 6.35E-07 59.6 0.42
600 nm tip Air 0.01 mT 5.86E-07 69.5 0.47
600 nm tip Air 0.01 mT 8.47E-07 66.8 0.65
600 nm tip Air 3 mT 1.29E-07 83.5 0.13
600 nm tip Air 3 mT 5.86E-07 82.7 0.58
600 nm tip Air 6 mT 2.49E-07 77.9 0.23
600 nm tip Air 6 mT 3.11E-07 87 0.32
600 nm tip RB4mT 4.50E-08 97 0.05
600 nm tip RD4mT 9.65E-08 94 0.11
600 nm tip D8 mT 0 100.5 0.00
600 nm tip D8 mT 0 69.5 0.00
W Nanorods Air 0.01 mT 6.98E-08 97.2 0.08
W Nanorods Air 0.01 mT 1.13E-07 109.9 0.15
W Nanorods Air 3 mT 1.60E-08 114.2 0.02
W Nanorods Air 3 mT 9.44E-08 86.5 0.10
W Nanorods Air 6 mT 2.38E-08 49.3 0.01
70 nmtip x 2 Air 0.01 mT 0 56.5 0.00
70 nmtip x 2 Air 0.01 mT 5.16E-07 43.3 0.23
70 nmtip x 2 Air 3 mT 5.31E-07 45.2 0.25
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70 nmtip x 2 Air 3 mT 1.57E-06 47.9 0.80
70 nmtip x 2 Air 6 mT 1.43E-06 47.1 0.71
70 nmtip x 2 Air 6 mT 1.79E-06 51.4 1.00
70 nmtip x 2 D4 mT 1.66E-07 49.3 0.09
70 nmtip x 2 D4 mT 2.01E-07 49.8 0.11
70 nmtip x 2 D4 mT 3.09E-07 47.4 0.16
70 nmtip x 2 D8 mT 5.36E-07 47.4 0.27
70 nmtip x 2 D8 mT 6.40E-07 46 0.31
C Nanotubes Air 0.01 mT 4.82E-07 42.3 0.21
C Nanotubes Air 0.01 mT 6.60E-07 42.1 0.28
C Nanotubes Air 6 mT 8.28E-07 33.7 0.26
C Nanotubes Air 6 mT 1.05E-06 33.2 0.33
Nanotree Air 0.01 mT 3.14E-08 47.7 0.02
Nanotree Air 0.01 mT 1.19E-07 59 0.08
Nanotree Air 0.01 mT 2.58E-07 55 0.16
Nanotree Air 3 mT 0 61.2 0.00
Nanotree Air 3 mT 0 65.7 0.00
Nanotree Air 6 mT 1.69E-07 65.5 0.13
Nanotree Air 6 mT 2.24E-07 62 0.16
Nanotree D4 mT 0 34.3 0.00
Nanotree D4 mT 0 45.3 0.00
Nanotree B8 mT 0 50.9 0.00
Nanotree D8 mT 2.47E-08 60.6 0.02
70 nm tip Air 0.01 mT 2.82E-07 52 0.16
70 nm tip Air 0.01 mT 3.72E-07 57.9 0.24
70 nm tip Air 0.01 mT 8.14E-07 61.2 0.56
70 nm tip Air 3 mT 5.75E-07 51.8 0.32
70 nm tip Air 3 mT 4.88E-07 63.3 0.35
70 nm tip Air 6 mT 5.37E-07 59.3 0.36
70 nm tip Air 6 mT 1.08E-06 58.5 0.71
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70 nm tip D4mT 1.72E-07 71.1 0.14

70 nm tip D4mT 2.20E-07 66.6 0.17

70 nm tip D4mT 2.29E-07 74.4 0.20
Carbon Nanorods Air 0.01 mT 0 43.9 0.00
Carbon Nanorods Air 0.01 mT 5.58E-09 50.4 0.00
Carbon Nanorods Air 3 mT 0 58.5 0.00
Carbon Nanorods Air 3 mT 0 51.5 0.00
Carbon Nanorods Air 6 mT 0 58.2 0.00
Carbon Nanorods Air 6 mT 0 69.8 0.00
Carbon Nanorods D4 mT 0 57.9 0.00
Carbon Nanorods D4 mT 6.74E-09 72.5 0.01
Carbon Nanorods D, 8 mT 1.87E-08 55 0.01
Carbon Nanorods D, 8 mT 8.07E-08 79.7 0.08
Bare Crystal Air 0.01 mT 0 75.2 0.00
Bare Crystal Air 0.01 mT 0 55.2 0.00
Bare Crystal Air 3 mT 0 71.1 0.00
Bare Crystal Air 3 mT 0 100.7 0.00
Bare Crystal Air 6 mT 0 66.3 0.00
Bare Crystal Air 6 mT 8.49E-08 84.6 0.09
Bare Crystal D4 mT 0 56.9 0.00
Bare Crystal R4 mT 0 77.3 0.00
Bare Crystal B8 mT 0 84.3 0.00
Bare Crystal B8 mT 0 91.3 0.00
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Appendix V - Anisotropy of Neutron Emission from D-D Fuson

The strong P-wave contributitnto the angular distribution of D-D fusion reaction
products results in anisotropic emission at lowdent deuteron energies. This effect is
important to consider when calculating the neutreitd based on the observed counts at
a detector at some position near the experimentesihe angle of the detector will
greatly affect the observed counts for a given@®strength.

Brown and Jarmié performed measurements of the angular dependenctkeof
D(d,ny’*He and D(d,pH cross sections at an energy range of 19.9 ke¥1&9 keV.
They performed a least-squares fit of the obseftednd®*He angular distribution to a
mathematical function for the differential crosstgm:

o(6) =a+b2os (6) +cleos' (8) mb/ steradian (100)
The magnitude of the anisotropy increased withaasmg energy over the range studied
by Brown and Jarmie.

If we take the incident deuterons to be ~100 ke¥ can apply the coefficiengs b,
andc measured at 100 keV to determine the angular eewtistributiod™. Brown and
Jarmie givea=1.018 mb / sth = 0.755 mb / sr, and= 0.20 mb / sr at this energy. The
resulting function fors(6) is shown in Figure V. 1. This plot shows that thegle at

which the neutron detector was located in the empmats with conductive epoxy%7
[lab system], is more favorable for detecting nensrthan the placement of the detector
in the experiments using non-conductive epoxy, lnctv the detector was Iocatedzza?(t

[lab system].
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Figure V. 1 - Angular dependence of neutron emission oss section [mb / sr], given in terms of the
emitted neutron angle relative to the angle of the indent deuteron. Shown for center-of-mass

system (dashed line) and laboratory system (solid line).

The angular cross section was converted from theec@f-mass system to the labo-

ratory system usirg

3/2

(1+ Y2+ 2ycosew)

(101)
1+ ycosf,,,

a6 )=0(ly)
12
_| M\M, 1

YE MM, @QIK)@ M, M) (102)

whereM; and M, are the masses of the reactaMs,is the mass of the light product

nucleus,My is the mass of the heavy produ@tjs the energy released by the reaction,
andK is the initial kinetic energy of the projectileateus. The resulting angular cross
section is in terms of the emission angle of tgatlproduct nucleus. Since the function
given by Equation 100 gives the angular distributed the heavy product nucleus,

radians must be added t@y to yield the angular distribution of the light piect
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nucleus before converting the cross sections filmencenter-of-mass system to the lab
system. The resulting differential cross sectifmsthe detector angles used in the

. . . m .
pyroelectric neutron production experiments a{esf} = 1.258—b (conductive epoxy
sr

: m : .
experiments) an«b{g} = 1.033—b (non-conductive epoxy experiments).
sr
The neutron yield calculations in Chapter 8 weeefgrmed by assuming that the

neutron emission was isotropic. The equation ueedetermine the source yiefk,
based on the observed couNtfor isotropic emission 9:

Iso = N 4n
£, Q

int

(103)

whereei,; is the detector intrinsic efficiency arél is the solid angle. This equation is
based on a more general equation for determiniagbserved yield for a given source
strengthSyen

N
S — total 10 4
g, Q0(6) (109

where oioral IS the total cross section, integrated over alllesig The ratioa(%

total
gives the fraction of all emitted neutrons whick @itercepted by a detector at angle
The neutron yields calculated in Chapter 8 werendoby assuming that neutron emis-
sion is isotropic. Therefore, to correct for atigpic emission, the calculated source
strength must be corrected by multiplying by theoraf the calculated general source

strength to isotropic source strength:

Spen
S =S (109
_ ELQ  o(0) =S 0 Ootal (106)
gen 47T 0 4l (6)

The angle integrated cross section is giveft:by
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Jtotal = 4/7(8 + % + %} (107)

At 100 keV,6iota = 16.44 mb, an@ia/ 4x = 1.31 mb / sr. Since it was shown earlier

that 0(57”} :1.258m—b and J(g} :1.033m—b the assumption that emission is iso-

sr sr
tropic results in an under-prediction of the nentyteld at the detector locations used in
the pyroelectric fusion experiment in Chapter 8.the deuterons in the pyroelectric
fusion experiments discussed in Chapter 8 can saamaed to be 100 keV, the correction

factor Sien/ Sso for including the effect of anisotropic neutronission in the calculated

source strength would be 1.041 at a detector lmcadi 5777 radians, and 1.267 at a

detector location 0(21 radians.

The correction factors are based on the assumfiainthe detectors are geometric
points at the specified locations. In reality, thetectors occupy a range of angles
centered about the given points. An additionadreresults from the changing energy of
the deuterons, which are believed to start at anggnof more than 100 keV, but lose
energy as they penetrate the target. A 30% esr@pplied to the calculated source
strength to account for this assumption and foruhknown energy of the deuterons.
Due to the large magnitude of this assumed errlative to the counting error, the
counting error is now omitted. The neutron yiglin a pyroelectric fusion experiment
with conductive epoxy then becomes:

S =(106001.041) + 30% = 11000+ 3300neutronpercycle  (108)

The yield from the experiments conducted with nonetuctive epoxy becomes:
S =(5900001.267) + 30% = 75000+ 22000neutronpercycle  (109)
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