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CHAPTER |

INTRODUCTION

.1 Beam-driven radiation sources and electron-beam brightnes

Free electron beams have been used as the basis for radiatioces over a large
extent of the electromagnetic spectrum from the GHz to thayx-These sources have the
important property of wavelength tunability through bdik electron beam energy and the
device geometry and operational characteristics. Dedaeh as the klystron and cavity
magnetron provide high power levels in the GHz range. Bactwawve oscillators (BWO),
traveling-wave tubes (TWT), and similar devices have erceltoverage of the centimeter
and millimeter wave range [1]. Traditional undulator bakeé-electron lasers (FEL) have
been, or are being, constructed in virtually every part efspectrum from the THz [2] to
the x-ray [3]. Additionally, tabletop THz devices based onédéov [4] or Smith-Purcell
radiation [5] have been developed and are beginning to filhgyortant gap where few
other sources exist.

The challenge of extracting kinetic energy from an electb@am in the form of
electromagnetic radiation is one that hinges principally leam quality. Generally
speaking, in a beam-driven radiation source the electrambaust be confined to a certain
transverse area for sustained interaction. This intemaatgion is set by the geometry
of the source’s radiation modes and sets the principal reoqugnts for electron beam
intensity and focusability. These qualities include, abal, the electron beam’s transverse

brightness, i.e. the beam ensemble’s current density aalled trace space, which is given
by
_ A (z,2y,y)
- dada'dydy’

(1.1)

wherel (z,z',y,v’) is the current density; andy are the transverse position coordinates,



andz’ = dx/dz andy = dy/dz are thex andy divergence relative to the electron-
beam axis ). A large brightness indicates an intense beam that may Hecolkmated
while having a small transverse spatial extent. This brigh$ can be normalized as
By = B/ (8*4?), whereg andy have the usual relativistic meaning, so that it is invariant
under accelerations. Another useful quantity is the edechream’s normalized transverse

emittance, which is

€N, = ﬁ’yo-xgaz’a (12)

whereo, ando, are the rms radius and rms divergence of the beam respgctiVake
emittance and its relevance in describing beam ensembtiscigssed in further detail in
Chapter 4. The typical requirement on the emittance of a beaamiFEL is that it be

smaller than the emittance of the photon beam, i.e.

€N Afel
2L —= 1.3
By = Am’ (13)

where),; is the resonant wavelength of the FEL interaction.

Presently, there are two main frontiers in FEL developmirtty depending on the use
of bright electron beams: x-ray FELs such as the Linear Cotéright Source (LCLS),
and high-average power FELs (HAPFEL) in excess of the 14 kéfaae power record
set at Thomas Jefferson National Accelerator Facility ABNJ-Lab). While the beams
required for x-ray devices are higher brightness than tloddegh-power IR FELSs, they
do not require large average currents. The LCLS gun has gleadeved bunch charges
of ~ 1 nC at normalized transverse emittances~of..2 ym-rad, however the average
current of this injector is only~ 100 nA. Among the most important development areas
in the field of HAPFELSs is that of high-brightness, high aygra&urrent electron injectors.
It can be argued that injector development is the last oppayt for order-of-magnitude
improvements in FEL performance as the extension to higherage power operation

is made. There are presently several different approadredef/eloping such injectors.



These include the normal conducting (NC) RF photo-injectoLag Alamos National
Laboratory (LANL), the high voltage DC photo-injector atdb, and the superconducting
(SC) RF photo-injector being jointly developed by Advanceegy Systems (AES) and

Brookhaven National Laboratory (BNL).

[.2 Existing cathode technology

Figure 1.1 presents the normalized brightness and pealatopgicurrent for various
cathode and injector technologies; the current spans tEr®of magnitude and brightness
spans nine orders of magnitude. There are three primargdatiechnologies: thermionic,
photocathodes, and field emitters. There are also inteatedarieties such as photo-field
emitters and photo-thermal cathodes (not plotted) [6]. ¥/fdld and photo-field emitters
have been recently tested in a high-voltage DC gun (100 kV3][/feasibility has not
yet been demonstrated in RF injectors. Thermionic sourcasdge beams with moderate
current and emittance, but the emission is not easily gatéithout gating, the cathode
emits into RF phases that result in electron back bombardmestexcessive cathode
heating. This is prohibitive in the context of a high-avexagirrent injector.

By far, the dominant cathode technology in modern FEL devaekq is the
photocathode. The nature of the emission mechanism allatisggwith the drive laser at
the proper RF phase, avoiding the problem of electron backbodment. Photocathodes
are divided into two main subtypes: metal, and semiconducidetal photocathodes
require higher photon energy for emission and have lowentgua efficiency (QE), but are
rugged and have extremely fast response times. The semictmmd/ariety, while having
high QE and requiring low photon energy, have slower respdinses, are very fragile,
easily contaminated, have shorter operational lifetimmed,must be produced and stored in
vacuum. The use of photocathode technology is complicatgukcially for high-average-
power operation, by the need for complex mode-locked-lagstems. The laser systems

required for 100 kW class FELs are currently being develppedever, those required for
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Figure 1.1: The brightness of various cathode and injeetcnriologies span
ten orders of magnitude in current and nine orders of madeitn normalized
transverse brightness.



MW class FELs are far beyond the state of the art. Presetitbf,the high-average-current
injector designs are based on the use of photocathodes.

Field emitters offer an interesting alternative to photbodes in future injector
systems. Field emission is exquisitely sensitive to thdiapglectric field at the cathode
surface. This can be used to gate the emission at the propemh&$e pusing various
techniques discussed in Chapter 2. Perhaps the most impéetdare of field emitter
cathodes is the elimination of the drive laser. This remalieseed for a laser window on
the injector and avoids the laser heating present with gladhedes. This is especially
important when considering the thermal constraints placedSCRF injectors. The
only waste heat produced by field emitters is the self-jowdating from conducting
electrons to the emitter surface. While the pulsed-fieldssian current demonstrated
with single needle cathodes is too low for use in high-averegrrent injectors, high-
brightness, moderate current beams have recently beengaddby pulsed photo-assisted
field emission from ZrC needle cathodes. A more promisindna utilizing field
emission is the so-called field-emitter array (FEA), a ptamaay of micro-fabricated
field emitters. These devices can be manufactured with atitbuti self-aligned gating
electrodes. Additional gating electrodes can be addedfarsing or beam collimation to
minimize transverse emittance. Of principal interest ia thesis are diamond field emitter

arrays (DFEA).

[.3 Diamond Field Emitter Arrays

DFEAs, shown in Figure 1.2, were developed at Vanderbilthe Department of
Electrical and Computer Engineering more than a decade agginélly investigated for
a variety of uses involving high-power vacuum electronlugh-current switching, and
thermal-electric conversion, only recently have DFEAsbeansidered and developed for
use in beam-driven radiation sources. DFEAs have demaadttheir rugged nature by

providing high per-tip currents, excellent temporal dighiand significant resistance to
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Figure 1.2: SEM micrographs of a DFEA; wide view (left) arlditail (right).

back-bombardment damage during poor vacuum, close-di@legd&ration. The material
properties of diamond have allowed DFEA operation in regimeaccessible to traditional
metal field emitters. The performance of DFEAs is rapidly@asing and under picosecond
pulsing will likely reach kA/cm current densities at the cathode. DFEAs are currently
slated for testing in the 250 kV DC injector at the Naval Poadgate School (NPS), and
collaborative testing in SCRF and NCRF injector systems is bplagned at NPS and
other institutions. While much work remains involving thigitegration into RF injectors,
DFEAs have demonstrated exciting potential for greatlypdiiiying the injector system for

HAPFELSs.

I.4 The Quantum-Degenerate Limit of Brightness

The potential inside a solid defines certain allowed enetafes which the conduction
electrons occupy with a spectral density of one spin paisiae. These states are filled up
to the so-called Fermi energy, and the ensemble is quantgendeate. This degeneracy,
a consequence of the anti-symmetry of fermionic wave foneti suppresses electron-
electron scattering and is the source of the high electaoabuctivity of metals. The
effects of degeneracy also exist in an ensemble of freerefest however, with most

cathode types the degeneracy is so low that it is of no pedctionsequence. Field



emission is the only emission mechanism that approachesrigbtness required to
produce significant levels of quantum degeneracy [9-11]. eakvdegeneracy signature
has been successfully measured for a tungsten field emmttercent years [12]. These
experiments observed clear deviations from Poissoniavabstatistics of electrons at the
detector system, an unmistakable signature of quanturmdegey. A simpler technique
for estimating a source’s quantum degeneracy is the useneéiergy point-projection
microscopy [9]. As the electron waves pass a hard edge, ttetyes and interfere with
themselves at a downstream detector. The Fresnel fringekiped by this interference
can be used to measure the transverse coherence lengtte foeam, which can in turn
be used to estimate the quantum degeneracy. As the brightfies electron beam is
increased, the phase space volume occupied by the beankedpgaore and more densely.
Eventually one reaches a quantum degenerate limit, whergabmetric symmetry of the
electron wave functions prohibits denser packing. For argspread in electron energy,
the transverse brightness is restricted by degeneracydé@generate limit corresponding
to an energy spread F ~ 0.3 eV (typical of field emitters) is displayed in Figure 1.1.
Calculations demonstrate that recent experiments at Vaiidavolving multi-wall carbon
nanotubes (MWCNT) and adsorbed species have approachedutimsumq limit. While
these sources are not well suited for use in FELSs, there aitrexeffects and techniques

to be explored in the use of degenerate beams as a new imagategity.

[.5 Thesis Outline

The primary purpose of this thesis is to detail recent pregia the development of
high-brightness cathodes for use in beam driven radiatarces. In Chapter 2, DFEAS are
introduced, details of their fabrication are given, andrthpplication to conventional free-
electron lasers is considered. Chapter 3 details the sdatdsselopment of uniformity
conditioning techniques, which address differences intamomation and morphology

between emitters in DFEAs. Chapter 4 presents measuremeditsimulations of the



transverse emittance of beams from DFEAs. Chapter 5 disstisselesign, construction,
and testing of a high-resolution energy analyzer and measemts of the emitted energy
spectrum from DFEAs. Chapter 6 considers the Smith-Punesdtélectron laser (SPFEL),
a compact terahertz device, as an application of DFEA cathothe SPFEL is covered in
extensive theoretical detail, including three-dimenalpand three-dimensional confined-
mode variations. This theory is used to guide the design dfaAdriven SPFEL. Chapter
7 discusses the concept of quantum degeneracy in a freteegldeam and presents recent
progress in our development of a carbon nanotube basedumatdgenerate electron
beam source. In the conclusions, the results of this thesis@ammarized and details

of future DFEA development are discussed.



CHAPTER I

DIAMOND FIELD-EMITTER ARRAYS

[I.1 Introduction

Field-emitter arrays were first developed by Spindt at SRIh@ mid 1960’s [13]
marking the birth of what is now known as vacuum microelautte. These devices are
based on the physical process known as field emission, whereta or semiconductor
immersed in an electric field of order 1-10 V/nm will begin tmie electrons from its
surface. The emission depends fundamentally on the quamteamanical principle of
tunneling whereby the wave function of electrons inside sbéd penetrates through
the local surface energy barrier into the vacuum. This patieh provides a nonzero
probability that electrons will spontaneously appear an\tacuum side of the interface
where they are subsequently swept away under the influenite @fpplied electric field.
The rate of electron emission from metals based on this iptenevas first derived by
Fowler and Nordheim in 1928 [14], and subsequently refinedMiobyphy and Good in
1955 [15]. At low temperature (even up to room temperature)@mitted current density,

Jry, is shown to have the form

Jen (F) = ap Fe brm/F (2.1)

whereay, andby, are constants depending on the work function, &nht the electric
field at the emitter surface. Field emisison may typicallyidentified as such by plotting
the I-V data withln (7/V?) as the ordinate antl/V as the abscissa. Fowler-Nordheim-
like emission will appear as a straight line where the slap yaintercept depend on the
constants;, anday, respectively. When the emitter is a semiconductor, the eomss

is Fowler-Nordheim like for low current operation. Howeyvat high enough current the



electron supply from the bulk semiconductor is mobility iied and the/-V" response
becomes Ohmic in character. The theory of field emission semiconductors was first
reported by Stratton in 1955 [16, 17], an analysis whichudeld the effects of surface
states, field penetration and the resulting band bending.

More interesting field-emission effects occur when atommolecules are adsorbed
onto the emitter surface. The electronic states of an adsoimmersed in the applied field
have certain allowed energy levels. When these energiessomant with an occupied
region of the emitter’'s density of states, large enhancésneinthe field-emitted current
occur. Moreover, because the adsorbate’s electronicsstiageconfined to a small spatial
extent, the emission enhancement is highly localized. Redotunneling also causes
significant changes in emitted electron energy distrilytomth in structure and in position
relative to the Fermi energy. Resonant tunneling enhanceamehangular collimation of

electron beams from single adsorbates has been descridethihby Gadzuk [18, 19].

1.2 Fabrication of DFEAs

[1.2.1 Ungated devices

Ungated diamond field-emitter arrays are produced using kl-tremsfer process
pioneered by researchers in the Department of Electricdl@Gmputer Engineering at
Vanderbilt [20]. This eight step process is presented iaitlet Figure 2.1. Oxidized Si
wafers are patterned in preparation for an anisotropic K@iH that produces pyramidal
molds with an opening angle &f0.6°. These molds are sharpened by oxidation in
preparation for diamond deposition. The oxide grows pegfeally on the walls of the
mold, avoiding the corners (Figure 2.2). The result is aihacess in the tip of the mold
where the faces of the pyramid converge. By using mask hodsthk slightly rectangular
we can produce two sharp tips rather than a single. Over anetdhing of the mold prior
to oxidation allows production of quad-tip emitters.

After sharpening, the mold is pretreated by ultrasonicaitoa diamond slurry, a step

10



1

Dry oxidation of Si @ 1100 C

Oxide patterning

Anisotropic KOH etch @ 60 C

Tip mold sharpening:
Dry oxidation @ 1100 C

Diamond seeding and growth

Ni and Ti sputtering ~1pum

TiCuSil braze on Mo substrate
@ ~900 C, or eutectic bonding

KOH @ 60-80 C BOE etch
& cleaning process

Figure 2.1: DFEA fabrication process flow
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Figure 2.2: Si mold before (left) and after (right) oxide giening

Figure 2.3: Conformal nanodiamond layer on Si mold prior terodiamond
deposition

which provides nucleation sites for diamond growth. Diach@then grown in the mold
by microwave-plasma chemical-vapor deposition (MPCVD).akiety of growth recipes
are used to achieve a desired combinatior;of and sp? carbon, dopant concentration,
and nitrogen content. A thin, conformal, nanodiamond layeeposited first (Figure 2.3),
while microdiamond is used to back fill the bulk of the struetu The diamond is then
sputtered with a Ni/Ti coating that serves as a buffer/adihekyer during substrate
brazing. TiCuSil braze is used to attach the cathode-moldttsire to a polished Mo
substrate. After brazing, the protective Si mold is remowdth a KOH etch, and
the sharpening oxide is removed with a buffered oxide etchHB®ollowing standard
cleaning procedures, the cathode is ready for testing. Apteted diamond field-emitter

array is seen in Figure 2.4.

[1.2.2 Gated devices
In gated device development it is important to use a procdsshaguarantees self

alignment of the gate electrodes to the emitter tips. Thisices the number of required

12
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Figure 2.4: Completed diamond FEA with tip detail

steps and the required precision of the process. The gated Edbrication process, shown
in Figure 2.5, is identical to that of the ungated device upugh the brazing procedure.
However, an SOI wafer with a buried oxide layer (BOX) is useplate of the plain Silicon
wafer of the ungated process. After brazing, the handle &cised with the BOX serving
as an etch stop. After BOX removal, the remaining Si is thinmgidg an isotropic etch.
This etch is terminated shortly after the Si level passedthiged emitter tips. The gate
oxide is then removed from the tip area and the completectdasiready for testing. An
example of a gated DFEA is shown in Figure 2.6. One of the pyinchallenges with
gated device development thus far has been the presencediciive leakage pathways
in the gate oxide. Presently it is believed that the plasnp@&xre during diamond growth
may result in loss of electrical standoff capabiilty. Otlpaissible explanations include
cracking of the oxide layer during fabrication and conteetion of the exposed oxide near
the emitter tip. Several experiments are underway to deterthe source of this leakage.
Procedures are also being developed for the addition ofandeself-aligned-gate electrode
which can be used to collimate the individual beamlets emgryom the array as seenin

Figure 2.7. This will provide a substantial reduction in #reay’s transverse emittance.

11.2.3 Diamond coated Silicon devices

A parallel FEA development program involves deposition afious types of CVD
diamond on silicon microtip arrays. Silicon microtip arsagre produced by isotropic
etching of a silicon wafer with a patterned surface oxidepsTimay be subsequently

sharpened by a dry oxidation technique. The smooth siliecofase must be prepared

13



Dry oxidation of SOI @ 1100 C

Metal deposition and brazing

5

Oxid patterning

Handle Si removal

Anisotropic KOH etch @ 60 C

:

BOX removal and Si thinning
Tip mold sharpening: oxidation \ ‘ \

Exposed gate oxide removal

Diamond seeding and growth \ / w i

Figure 2.5: Gated DFEA process flow.
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Figure 2.6: Completed gated DFEA with tip detail.
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Figure 2.7: Simulation of beamlet propagation through abiegated FEA
cell. The current density plot to the right shows the {,) phase space
projection of the beam ensemble at end of the simulation.

15



for diamond growth by sonication in a diamond slurry. Primisbnication, photoresist is
spun on the array such that only the very tips are exposed.€rsures enhanced diamond
nucleation on the tips during the growth process. Multigeentbnd growth recipes have

been used resulting in the different diamond structuresgareé 2.8.

Nano-diamond Glassy-diamond Micro-diamond

Figure 2.8: Various types of CVD diamond deposited on a sigglgp. The
top row presents a detailed view of the microstructure ohehamond type.

Thus far, it has proven difficult to grow thin conformal lagef diamond that maintain
a small tip radius. Accordingly, field enhancement at theh#s been small and the
required macrofields are prohibitively large for conventesting in existing DC teststands.
A coated Si tip is pictured in Figure 2.9. Once growth proceduare improved, the

performance of different types of diamond can be examined.

18.8kV X6.88K S.88rsm

Figure 2.9: Nanodiamond coated Si tip
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[1.3 Integration of DFEAs with Electron Guns

There are three different injector types into which DFEAssine integrated: high-
voltage DC, NCRF, and SCRF. The transverse-emittance measusetailed in Chapter
4 demonstrate that ungated DFEASs possess sufficient beality qoadriving HPFELS.
While ungated devices are very rugged, control of the emiskeel and timing is not
very flexible and depends on geometric enhancement of th@hegun’s applied field. In
contrast, for a gated device the emission timing and tip etdcontrolled by the potential
applied to the nearby gate electrode, and the gun’s fiele&éssemly for extraction. However,
generally speaking, gated devices are more susceptibktastoophic failure. If the gate
electrode and cathode are shorted together at even a siogie pither by damage or
contamination, the ability to apply the requisite fieldsastl We consider first the general
integration strategies for DC guns.

Integration of an ungated cathode with a high-voltage DCtesysis rather
straightforward. As an example, we consider the 250 kV DC guNPS. In its present
configuration the NPS gun can provide fields on the order ofVl/an at the cathode
surface. Currently DFEAs require 10 V/um for moderate current operation. To increase
the electric field, the cathode can be secured to the end alkalsat is extended towards the
anode. Early simulations by Lewellen [21] demonstratelaisée fields on the order of 7
V/pm in this configuration. This will be sufficient for preliminainvestigation of the long-
term emission stability of DFEAs in the presence of highrgnéon back bombardment.
If the stalk is actuated, then the emission level may be otlatt without changing the
total beam energy. However, the variable geometry will geathe beam propagation
through the gun optics. Care must be taken to avoid exceseam Iscraping or beam
quality degradation. For gated devices, it is only requtred an electrical feedthrough be
provided to energize the gate electrode. Simple schemattigated and ungated device
integration in the existing NPS gun are shown in Figure 2.10.

The primary challenge of DFEA integration with RF injectosstihat of timing the
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Present NPS/gated
DFEA configuration

Preliminary Ungated
NPS Configuration

First anode ~125 kV

) )
[

second anode ~250 kV

~1.5 MV/m

Pierce electrode

Figure 2.10: Integration of gated and ungated DFEAs into phesent
configuration of the NPS DC gun.

electron emission relative to the RF phase. From (2.1) welsddlie emission current is
exponentially sensitive to the applied electric field. A®ault, the emission current from
a DFEA in an RF injector would be strongly peaked at the peak@®RF phase. Emitting
at this late phase may prevent the electron beam from exttimdjrst cell before the fields
reverse polarity. This leads to large degradations in beaatity and should be avoided.
One technique for decreasing the transit time in the firsiséhe extension of the cathode
into the cavity on a stalk. Another solution is to design aityawhich permits mixing of
the RF fundamental with a higher harmonic as suggested bylleaw@2]. The peak of the
total RF field can be moved to an earlier time than the peak dRtheundamental. Ideally,
the third harmonic component is strong only near the catsad@ace. This could possibly
be achieved by recession of the cathode into the back walleogtin [23]. As with DC
guns, gated devices have more flexibility regarding timéngatf the electron emission.

The gate electrode may be driven by a low power coaxial feed ither harmonics of
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Figure 2.11: Integration of a gated DFEA with an rf cavityngsa low-power
harmonic feed to gate the emission.

the RF fundamental or a phase-shifted fundamental. Suchrangament is shown in
Figure 2.11. To date, the high frequency response of gat&Sfhas not bean measured.
Also, the level of Ohmic and dielectric losses in the gatetebele and gate oxide must be
measured, and their consequences for high frequency apemtboth NC and SC guns
must be considered. These measurements may be taken oaéertreentioned gate oxide

leakage has been eliminated.
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CHAPTER IlI

EMISSION UNIFORMITY OF DFEAS

1.1 FEA Non-uniformity and its Origins

Historically, one of the most significant barriers to the jatttin of FEA technology
has been the difficulty of providing uniform emission cutrewer a large spatial extent.
Consider a single field emission source; The emitted curemxiremely sensitive to
properties such as geometry, work function, and surfactaotination. Small fabrication
variations in emitter tip radius, height, chemical comgosj and crystalline orientation
can result in order of magnitude differences in the emissiorent between tips in an FEA.
Additionally, the strong electric field gradient near théhcale attracts polarizable species
from the vacuum to the cathode surface. The induced dipolaenbof an adsorbate can
significantly lower the local-surface energy barrier forigsion. Additionally, adsorbate
effects such as resonant tunneling may produce order-gfifuale enhancements in the
local emission current. The configuration of adsorbateshencathode surface is in a
state of constant flux. There are three primary effects uaaleach leading to changes in
temporal and spatial emission uniformity: adsorptionfee diffusion, and desorption.
The adsorption dynamics are driven primarily by backgrogag levels, binding site
availability, and the probability of successful binding evhan attempt is made. Once
an adsorbate is bound to the cathode surface it undergoesidgesandom walk, hopping
between binding sites toward the region of highest fieldhwaih approximate rate given
by [24]

Rd’iff =V €7AE/I€BT, (31)

wherev is the attempt frequency (typically the vibrational fregag of the adsorbate

on the surface) AFE is the approximate energy barrier for the transitidmn, is the
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Boltzmann constant, arifl is the local surface temperature. Similarly, the desonptade
IS approximately

Rdes =V G_AG/kBTv (32)

where AG is the difference in the free energy of the adsorbed and Hedastates. The
most important feature of these processes is their expiahsansitivity to the local surface
temperature. Non-uniform emission produces differerglewof self Joule heating from tip
to tip, which in turn leads to fundamentally different caniaation states. The population
of adsorbates on tips with high emission levels should sbia higher fraction of tightly
bound species compared with weakly bound species. Simglywhen the tips heat up
due to emission, the equilibrium concentration and contjposof the adsorbates shifts.
This can lead to tip-to-tip variations in temporal stalilénd emission level. There are
also adsorbate effects such as resonant tunneling thaticae significant deviations from
standard Fowler-Nordheim-like field-emission behaviog ahange both the total current
and the emitted energy spectrum markedly.

While non-uniformity due to contamination effects may beradded by techniques
such as UHV operation, global annealing of the cathode, asmp& treatment, the
underlying morphological differences must be addressedctieve a high degree of
emission uniformity. As an example, consider the arrangesteown in Figure 3.1. Using

the hyperbolic model of Jensen et al [25], the anode-tipretioa is

d=rcot?(0), (3.3)

wherer is the tip radius and is the emitter-cone half angle. Assuming a grounded cathode

the approximate electric field at the emitter tip is given by

. — 2 V;mode o 2 ‘/;Lnode (3 4)
tip = = ) :
" cos (0) In (—}J_FEZZ%) rin(4d/r),_,
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whereV,,..q. IS the applied anode potential. The current density as d@iimof the local

tip to anode : d

tip radius : r

half angle : 6

Figure 3.1: A single field emitter with cone half andletip radiusr, and
anode-tip separatioth

electric field is approximated by the Fowler-Nordheim eturaf2.1). Integrating over the

entire emitter surface provides an estimate of the emittiecknt given by

) Fy;p cos® (0)
bin + Fyp sin® ()

I (Vanode) = 27r JFN (Ftip) . (35)

In Figure 3.2, equation (3.5) is used to calculate the eomssurrent from each
individual tip in a 100 100 array. The 10,000 tips in the ensemble are given the same w
function, but have a Gaussian distribution of tip radii wath0% rms spread. Figure 3.3
presents a histogram of the resulting emission. The differebetween the highest and
lowest emission level is an order of magnitude. The effeetén more pronounced when
the tip radius is uniform across the array and the stbfierms spread is applied to the work
function. The highest and lowest emission levels differ igcior of 50. Clearly, what we
require are conditioning techniques that discriminateetlam a tip’s emission level. An
excellent example of such a technique is described by Sdieleeal [26,27] using Spindt-
type Molybdenum cathodes. Nearly identical I-V responss atained for two initially
dissimilar emitters by high-current pulsed conditioniag, seen in Figure 3.5 (borrowed

from [27]). In this technique the combination of self Joukating and field stress drives
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Figure 3.2: Emission distribution from an array of 10,0Q8stiwith an rms
Gaussian spread in tip radii d0%. r = 10 nm, ¢ = 5eV,0 = 35.3°,
Vinode = 66.5'V, z-scale is given in Amps
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Figure 3.3: Emission histogram from results of Figure 3.. currents range
from 1 A to 10 A
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Figure 3.4: Emission histogram when using a uniform tipwadif 10nm and
a10% rms gaussian spread in work function, centered at5 eV. Tip currents
range from 0.5:A to 25uA

geometrically similar emitters toward uniformity throughrface diffusion.  Such self-
limiting conditioning techniques improve spatial unifatynby dulling the sharpest tips,

effectively increasing the required applied field for a gieirrent.

[11.2  Uniformity Conditioning Techniques

[11.2.1 Vacuum-Thermal-Electric Conditioning

When a newly fabricated DFEA is initially turned on, the engssis highly non-
uniform and the observed beamlets undergo rapid flickenrggtd the diffusion of weakly
bound adsorbates. The emitted beam from an individual tppeses multiple small
beamlets from these adsorbed species as demonstratedir Bi§. Annealing the cathode
at a few hundredC while emission level fields are applied has been found tcease
temporal stability and spatial uniformity significantly.ewefer to this process as Vacuum-
Thermal-Electric Conditioning (VTEC) [28]. A qualitative darstanding can be described

as follows: Elevating the temperature in equations (3.1 @h2) increases desorption
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Figure 3.5: Circles show I-V response from two as-fabrica®gindt-type
field emitters, and the triangles correspond to the |-V raspaafter pulsed
conditioning. The |-V behavior of the emitters after comaing is nearly

identical [27].

Figure 3.6: Detail of beams from individual DFEA tips. Eadaln comprises
multiple beamlets from adsorbed species which fluctuate tduadsorbate
migration. The tips are laid out on a square grid with a 880pitch.
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Figure 3.7: Schematic of close-diode conditioning arramget. Anode-
cathode gap is typically 120 - 3Q6n, applied potential O - 5 kV.

and diffusion rates dramatically. Weakly bound adsorbatesrapidly driven off while
tightly bound species are mobilized by the enhanced ddfusate, migrating preferentially
along the field gradient toward the emitter tips. Returniregdathode to room temperature
restores the slow diffusion rates for tightly bound adsteband results in extremely stable
field emission. Additionally, the presence of these addesban the active emitting area
typically results in significant reductions of the arrayisrt-on field.

Figure 3.7 presents the experimental configuration for tmmihg studies. The
cathode is set in a close-diode arrangement with a phosplooiea Planarity and spacing
are guaranteed by using precision quartz capillaries. Tiede is charged to +HV
and field-emitted current is measured using a logarithmimatar that is fiber-optically
coupled to a computer data-acquisition system. The |dgarit ammeter provides good
resolution over a wide dynamic range of input currentsl(nA-1 mA). The conditioning
apparatus used in these experiments is seen in Figure 3.8. sydtem is capable of
providing electric fields up te- 30 V/um, substrate heating t& 350°C, and controlled

gaseous environments at pressuresiof-10=2 Torr.
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Figure 3.8: VTEC apparatus: provides 30 um, 350°C substrate heating,
and10~2 - 10~® Torr controlled gaseous environment.

Figure 3.9 shows typical current data from a VTEC treatm€@fttile the turn-on field is
significantly reduced by VTEC, the effects are not permanedtcecay over the course of
several hours. This implies that the effects are adsortagedrather than morphological
in nature. An example of uniformity enhancement due to VTEGhown in Figure 3.10.
The apparent asymmetry in the emission intensity is due tgstematic gradient in the
anode-cathode spacing for this particular run. The samelf@array is pictured before
(left) and after (right) a 300C VTEC treatment. The same electric field was applied for
both images, however, the current increased fromAQo 50 A during VTEC. The total

active fraction of emitters was increased fren80% to~ 60%.

[11.2.2  High-Current Conditioning

While the ability to control adsorbed species through VTEGiorilar techniques may
be useful, relying on a surface-contamination effect foifarmity enhancement is not
ideal. The potential target environments for DFEAs rangenftJHV superconducting RF

guns to close-diode arrangements in field-emission displ@pnditioning techniques that
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Figure 3.9: Increase in the emitted current for a fixed eledield strength
during VTEC.

Figure 3.10: Uniformity improvement following a 30@ VTEC treatment.
The active emitter fraction increased from 30% (left) to ~ 60% (right).
Intensity values have been inverted for clarity.
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Figure 3.11: Emission uniformity progression during HCC &> DFEA.
Images were taken at progressively higher fields, ending &l fum. The
uppermost tip was malformed during fabrication and not etgueto emit

remove or compensate for variations in morphology and emittmposition are required
to ensure uniform operation in this wide range of parameters

DFEAs possess an inherent self-limiting conditioning naggtm which results in
highly uniform emission after operation at moderate pectirrent levels. We observe no
morphological or emission uniformity changes below cutsesf ~ 1 ©A per tip. Driving
the emitters past this level induces emission uniformitiiaartement, possibly through
thermal-assisted field evaporation. This phenomenon has bleserved in experiments
with carbon nanotube field emitters [29-31]. Self-Jouldihgaand the large field stresses
at the emitter surface result in the evaporation of carbostefs into the vacuum. An
example of the effect of this high-current conditioning (HG®) a 5<5 ungated DFEA
is shown in Figure 3.11. The emitter base size isuh® and the array pitch is 100m.
During the investigation of conditioning procedures theagrpitch was typically large
so that the evolution of individual emitters could be stddie The uppermost tip in
this array was malformed and not expected to emit. Figur2 8hbws detail of several

of the DFEA emitters before (top) and after (bottom) comaitng. The length of the
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Figure 3.12: DFEA nanotips before (top) and after (bottor@)Hup to 154A
per tip. Tips are noticeably shorter with significantly ieased tip radii

nanotips is noticeably shorter and the tip radius has besgméicantly larger. Following
conditioning, a uniform emission level of 1A per tip DC was achieved at an applied
field of 15V /um. The high-input-power density removed thein Ni metalization from
the anode locally, resulting in significant charging andvprging higher current testing.
In subsequent conditioning studies, the array parameters progressively scaled toward
the desired final device, a large area array:{n?) with high tip density & 4-6 um pitch).
To confirm the possibility of high tip density scaling the ddroning procedures needed
validation with smaller tip geometries. As expected, ctading of the small geometries
(< 5 um base) has been identical to that of larger emitters (1Qs2Mase). Additionally,
there has been no discernable difference in the condigooidarge numbers of emitters
compared to that of small ensembles. Figures 3.13 and 3d\derfurther examples of
the results of HCC. Both arrays consist ofim base emitters and have the same overall
area. The array pitch in Figure 3.13 is 20t while the array pitch in Figure 3.14 is 100
Q.

A careful conditioning study was performed using:a23l ungated DFEA to rule out
anode back sputtering as the source of the observed unifoemhancement. The emitters
had a 20um base length and were packed with a;28 pitch while the anode-cathode
gap was 30Qum. At this spacing the individual beamlets were approxinya&m in

diameter. As a result, the back sputtered material due togdesbeamlet covered multiple
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Figure 3.13: Phosphor screen images before and after HCC@{EHIDFEA

with 5 ym emitter base and 20@m pitch. The plot demonstrates a linescan of
a single row.
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a single row.
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Figure 3.15: HCC progression for ax24 ungated DFEA. No emission
uniformity changes are noted until an average per-tip ctiwé~ 1 pA.

Figure 3.16: Typical morphology evolution of a DFEA emittierring the HCC
conditioning process.

emitters. The conditioning procedure follows: An initisdage of every emitter in the 72
tip array was taken in an SEM prior to conditioning. An inlitmiformity check was made
using a ¥,03:Eu phosphor anode at a low current levekoflOnA per tip. The array was
conditioned with progressively higher per-tip-currentdis for half an hour at a time. A
polished Molybdenum anode was used during conditioning itdmize back sputtering.
Each tip was imaged in the SEM and the emission uniformity veabecked at- 10
nA per tip after each conditioning iteration. No changes inntiprphology or emission
uniformity are noted until the per-tip current (currentided by the total number of tips, not
by the total number of actively emitting tips) reached lswa@~ 1 ,A. The progression of
emission uniformity and an example of the correspondingpimoliogy changes are shown
in Figure 3.15 and Figure 3.16 respectively. Examinatiorthef Molybdenum anode
and the cathode surface after operation at the highestrtuewels showed evidence of

small amounts of material transfer. The sputtered matemaldistributed rather uniformly
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Figure 3.17: Roughly uniform distribution of back-sputéemode material on
the cathode surface following moderate current operation.

over the cathode’s active area as seen in Figure 3.17. Ea#ionnof the evolution of

tip morphology has not conclusively ruled out anode back temtiment as a contributing
factor in HCC. However, it is difficult to understand how backriimardment with a roughly
uniform spatial distribution could discriminately conidit tips based on emission level.
Microsecond pulsing of the emission will prevent anode isadion and should help
determine the source of HCC.

Another type of morphological modification was noted durithgse conditioning
studies; nanotip deformation under the stress of the apliectric field was observed.
This effect provides a self healing mechanism for certabriation or post-processing
defects. Figure 3.18 shows the conditioning progressefht( right) for two such defects.
Tips that were initially bent at extreme angles to the pydisncentral axis deformed to
align with the direction of the macroscopic electric field.ddkionally, in some cases
double-tips that were stuck together separated. The impoet of self-Joule heating to

these field-forming effects is not currently known.
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Figure 3.18: Self correction of fabrication and post-pssteg defects during
HCC. The top and bottom are separate tips, and the conditigmgyession
moves left to right.

[11.3 Future Conditioning Experiments

The most significant problem with high-current density DCemigtion of DFEAS
in close-diode arrangements is anode back bombardments i$Hest illustrated by
Figure 3.19. Observations includes catastrophic tip da@megd deposition of large
particulate matter,- 100nm in size. The estimated power density incident on the phaspho
anode in this case was 600 W /cm?. For a 4um pitch array, a per-tip current of 1A,
and a beam energy of 1.5 kV, the input power density at theaised 100kW /cm?. This
is two orders of magnitude higher than the power densitipe&jly used for sputtering
refractory metals. Obviously close-diode DC operation o$ possible at these levels,
however pulsing the current at microsecond time scales waid anode destruction and
allow HCC of dense arrays. While the maximum DC current aclidives far is 15:A per
tip, this is certainly a limitation of the anode and not théhcale. Microsecond pulsing and
the resulting removal of anode back bombardment shouldtckmlew levels of performance
for DFEAs.

Recently, preliminary experiments on pulsed conditionifgD&-EAs have been
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Figure 3.19: Tips from a 28m pitch 5x5 ungated DFEA before (four tips on
left) and after (four tips on right) HCC and back bombardmearhdge. The

before and after pictures are not of the same emitters, buearesentative of
the array.

performed in the Department of Electrical and Computer Esgiimg at Vanderbilt [32].
A Magnavolt (5 kV, 5 A) pulser has been used to test high dgnisitge area arrays in a
close-diode configuration. These cathodes have been sfigégsonditioned with pulsed
operation at 1 kHz with a 1% duty factor (18 pulses). As expected, HCC procedures
are still valid in this regime of operation. The reduced agerpower density at the anode
has prevented back bombardment and facilitated the ach&wveof peak per-tip currents
in excess of 4Q:A. This result was from a 224224 array of 1Qum base emitters with a
20 um pitch. The corresponding peak current density was théi® A /cm?. When scaled
for our highest packing density, 4m pitch, the current density is 250 A /cm?. Testing
at higher currents was not attempted as the particular dathim question were slated for
delivery to collaborators. Subsequent tests will explbeernaximum achievable currents
for single emitters under pulsed operation.

The problem of back bombardment during DC operation becdesssmportant for a
gated device. The high fields required for emission are pexvby a low voltage and the
gate electrode’s close proximity to the emitter, not by tigg lvoltage of a distant electrode.

This provides significant flexibility in the physical geomeotf the collector system, and
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enables minimization of back bombardment. Furthermoregtte electrode can easily be
pulsed near ground and requires very little current. It iscgrated that HCC procedures
will be equally effective with gated devices. Ultimately BAs will be integrated into
environments where anode back bombardment is not presenguiRd-do not require an
anode to establish the accelerating field and high-volta@egbns have relaxed physical

dimensions which allow extraction of the electron beam.
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CHAPTER IV

EMITTANCE AND BRIGHTNESS OF DFEAS

IV.1 Emittance and Brightness

In examining the properties of beams, it is useful to intimeluhe concepts of
trace space and distribution moments. Each beam partideahi@ajectory given by
(Xi,x; = E) wherex; = x;% + y;y is the transverse position of th& particle. A
coordinate space representation of a beam ensemble atsifogiven in Figure 4.1. To
visualize the collective behavior of the beam it is usefydlti these trajectories in so-called
trace space, wheré ory/ is the ordinate and or y is the abscissa. In trace space the beam
ensemble occupies some volume whose shape evolves as thepbepagates through
an electron optical system. While these trajectory poirgsdgscrete, for sufficiently high
particle number the ensemble can be approximated by a srdsttibution,n (z, y, z’, v').
Statistically the beam ensemble is described in terms of embsrof its distribution. These

moments quantify observables such as beam size, divergandecorrelations between

position and divergence. The first moments:iandz’ vanish about the beam axis, and the

>

('xl” xi,)

N>

Figure 4.1: Electron trajectories inside the beam envettefocus.
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Figure 4.2: (z,2") Three trace space projections: at a beam focus, when the
beam is diverging, and when the beam is collimated
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give the rms beam size,,, and the rms angular divergeneg,. The correlation moment
(xx') indicates whether an electron’s transverse positionéedlto its angular divergence.
Figure 4.2 demonstrates thrée, =’) trace space projections: at a beam focus, when the
beam is diverging, and when the beam is collimated. We maythesse distribution
moments describe the quality of an electron beam by intriodua quantity called the

rms emittance, which is given by

6, = /(2?) (2?) — (22 4.3)
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Emittance depends on the inherent angular spread thas etigach transverse position
in the beam. If we examine 4.3, it is apparent that beam gquadies not suffer from the

presence of correlations. This is because correlationdeantroduced and removed by
drift spaces and linear focusing optics. Furthermore, foideal beam, all correlations

vanish at a beam focus. In this case equation 4.3 reduces to

€p = Op0y. (4.4)

Itis also common to consider the beam in phase space, wieecedindinates use transverse
momenta rather than divergence. At any point in phase specbdam ensemble has a
density ofp (x, p, t) and a corresponding velocity = (x, p). Assuming that the number

of particles in the beam in conserved, the continuity equat

0
pv-v+v-vp+a—‘t):o, (4.5)
where V is the phase space gradient. If all forces in the system arngatée from
a Hamiltonian, then Hamilton’s canonical equations of motmay be substituted into
equation 4.5, causing the first term to vanish. The two reimgiterms are recognized as

the total time derivative of the phase space density

df dp
7=V Vp+8t_0' (4.6)

This is known as Liouville’s theorem [33], and it states ttha local density of the beam
ensemble in phase space, as viewed while moving with a [grig constant in time.
Liouville’s theorem is a statement about density cons@main 6/N-dimensional phase
space, whereV is the number of electrons in the ensemble. However, if taeteins can
be regarded as non-interacting, and the space-charges fmeapproximated as an external

field applied to all electrons, then Liouville’s theorem nime/applied to 6-D phase space.
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When the beam electrons undergo acceleration, the rms ao@ttee have described is
not constant. Consider the slope of an electron trajectotiydrparaxial approximation

,_dx_&

r =—-—= )
dz p,

(4.7)

wherep, andp, are the momenta in theand: directions respectively. When the electron
Is accelerated in thedirection,p. changes while, remains constant. This raises or lowers
the divergence of every electron in the beam, effectivebng/ing the volume occupied in
trace space. A more useful parameter that is invariant uamtsierations is the normalized

emittance, given by [34]

en, = Bres = ! \/<x2> (p2) = (xpa)”. (4.8)

MeC

wherem,, is the electron mass. As before, when the beam is at a focusavee

e, = /@) ) = ——0u0.. (4.9)

meC MeC

The transverse emittance describes how well a particle Inesyrbe focused. However,
it does not involve the intensity of that beam. Another measaf beam quality is the
amount of current that lies within a given trace-space va@urhis differential quantity,
mentioned in Chapter 1, is called the transverse brightnesgssasimply the local current
density in 4-D transverse trace space. As with emittaneebtightness has a normalized

version that is invariant under accelerations. This noadltransverse brightness is given

by
1 d*I
By = 4.10
N 8242 dada dydy’ (4.10)
or equivalently, in phase space variables
d*I
By =m*c*————. 4.11
N=me dzdp,dydp, ( )
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For convenience, an average brightness is typically usetiich the total current is divided

by the approximate 4-D trace space volume occupied by tha eegemble,

1 1 I
=micP—. (4.12)

By=——s——
N /82,7/2 A‘/:c:n’yy’ Av$pxypy

IV.2 Experimental Arrangement and Results

There are two primary techniques for determining the emiaof an electron beam.
The first technique determines only the emittance rather tiha details of the trace space
projection. The electron beam is focused by an optical syséad the beam envelope is
determined as a function of the distance along the beamfaxisxample, by scanning a
phosphor screen or a wire scanner along the length of theé@leloeam. This measured
envelope is compared to envelope equation, using the emdtas a fitting parameter.
Alternatively, the beam profile can be measured at a singie paile scanning the strength
of a focusing solenoid. An example of this technique appieethe beam from an FEA is
givenin [7].

The other method of emittance measurement involves saghim electron beam at
various transverse positions and examining the anguleagpemanating from each point.
This constructs a map of the density in transverse trace asgbpace. This is commonly
refered to as a pepperpot technique and utilizes masksstimgsof either pinholes or
slits. In the case of a slit array, the beam divergence is kainip a single transverse
dimension, whereas a pinhole array examines both traresdargensions simultaneously.
After passing through the aperture mask, the beamlets arifteld-free drift space where
their angular spread is translated into a transverse pos#pread. The beamlets are
examined after this drift using a phosphor screen and CCD anidne aperture mask
parameters and the length of the drift space are such thaetmalets are well correlated

at the phosphor but do not have significant overlap with ormhen. A schematic of
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Figure 4.3: The pepperpot technique of determining an mladieam’s trace
space distribution.

this technique and the resulting trace-space distribugi@nseen in Figures 4.3 and 4.4
respectively.

For our case of a DFEA cathode, the capability for a high degfemission uniformity
over a large physical area has been demonstrated. Therefer@mplify the process by
measuring the beamlet emitted by a single pinhole and treemasg that the same result is
obtained irrespective of transverse position in the beamurgated, 24, 28m pitch,
diamond field-emitter array (Figure 4.5) is placed in a cldga&le configuration with a
pepperpot as the primary anode The experimental arrangasehown in Figure 4.6.
The anode-cathode gap is set using precision quartz aagsl|830um in diameter. When
the thickness of the diamond film is included, the gap/i800 um. In this configuration,
fields up to~ 17 V/um can be applied. The pepperpot (Figure 4.7)is fabricateoh fro
a single SOI wafer, using a multistage patterning and etcpiocess, and has 30n

square holes with a 200 pitch. A field-free-drift space of 5 mm is set with a cylindaic
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Figure 4.4: The(x,z’) trace space distribution obtained using a pepperpot
technique

5S.8 kV ®1580

Figure 4.5: X 24, 28um pitch, ungated DFEA used in preliminary emittance
measurements.
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Figure 4.6: The experimental arrangement for emittancesareanents with
DFEAs.

EHT=2000KY  Signal A=inLens Date 7 Jul 2008
Wh= 10mm Time 10:30.67

eLINE

Figure 4.7: SEM micrographs of the pepperpot used in praknyi emittance
measurements.

metal spacer and terminates at a high-sensitivity ZnO pbioptreen. The apparatus has
an integrated resistive heater, allowing annealing of @whade up to~ 350 °C. This
annealing improves uniformity due to modification of adsatspecies on the emitter
surface. In the current experiment, the beamlet that eradrgm the pepperpot comprises
emission from fewer than a dozen tips. As a result, the beambazero correlations that
slightly preserve the aperture’s square shape in the firmj@nFigure 4.8 shows one of the
collected beamlets with the approximate location of a laesthat is used to estimate the
cathode’s rms angular divergence. The sporadic brighssgpdhe image are the result of
phosphor damage from unrelated experiments. The resutte dhescan are presented in

Figure 4.9. The rms radius of the beamlet at the screen ma&d at approximately 250
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Figure 4.8: Phosphor screen image of a beamlet during antasrod
measurement. The line overlay gives the approximate locati the linescan
used to calculate the angular divergence.
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Figure 4.9: This linescan of the beamlet gives an approx@mmas radius of 250
pum, corresponding to an rms angular divergence @8 mrad before aperture
defocusing.
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pm, which corresponds to an rms angular divergence,of 50 mrad. The fields around
a pepperpot aperture act as a diverging lens and increaseghasured divergence at the
collector. The focal length of the effective diverging lesgiven by f = 4L, whereL is
the anode-cathode spacing. Correcting for the focal lenigtiPanm reduces the measured
rms angular divergence to, ~ 38 mrad. For a beam energy of 2 k\8y ~ 0.09) and a

cathode size of = 1 mm, the normalized x-emittance is
en, = 70,0, = 0.97 mm - mrad (4.13)

Assuming spatial uniformity, and identical Gaussian dstiions inz andy, the effective

trace space volume occupied by a beam with this diverger{8&jis
AV = 27102 d>. (4.14)

We may then calculate the normalized brightness 4.12 as @idumnof current density

(A/m?),
1 g
292 2m02,

N (4.15)

For the highest per-tip currents and tip densities produbed far, the current density
averaged over the area of the array/isz 2.5 x 10° A/m?, and the normalized transverse
brightness isBy ~ 3.5 x 10! A/m? - steradian. With the successful development of
pulsed conditioning techniques, high-density 44- pitch) arrays are now available for
emittance testing. This represents an increase in tip tyeofsi>30 times compared with

the present results, and will significantly refine these mesasents.

IV.3 Simulation of Single Tip Emission for Estimating Array Emittan ce
For comparison with our experimental results, we have pewa simulations of the
beamlet from an individual emitter. Field solving for theider structure is carried out in

POISSON while electron beam trajectories are computed ire@éParticle Tracer (GPT).
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Figure 4.10: Detail of an individual emitters nanotip sture with field solving
mesh and trajectories.

These simulations are axially symmetric and cannot emthatpyramidal geometry of the
actual emitters or the double tips sometimes observed. ibdeacathode gap is 300n,
taking into account the thickness of the diamond layer, dedaipplied voltage is 2 kV.
The electron beam is started at the surface of the emittestipaand is given Gaussian
distributions in velocity transverse to the surface norraat transverse position. The rms
radius for the transverse velocity distributigh= 102, was determined using preliminary
energy spread measurements of the field emitted beam frord-diamond film. These
early measurements suggest a FWHM energy spread of 1.3 e\os& clp view of the
emitter’'s nanotip, electron trajectories, and field salvimesh are seen in Figure 4.10.
Figure 4.11 demonstrates propagation of the beam to theepepiposition, and details of
the electron trajectories near the emitter surface are shiowigure 4.12. The beam’s
transverse profile anflz, ') trace space projection are shown in Figures 4.13 and 4.14
respectively. The calculated beam spot~of60 ym is comparable to that measured in
uniformity conditioning experiments, and the rms divergeat the pepperpot position is

~ 40 mrad, which agrees well with the measured value of 38 mrad.
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Figure 4.11: Propagation of beamlet to the pepperpot jpositi
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Figure 4.12: Detail of the electron trajectories near theotip surface. Some
spurious trajectories are present due to imperfect majabfithe electric field
map to the tip geometry
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Figure 4.13: Electron beam’s transverse profile at the ppopanode.
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Figure 4.14:(x, «') trace space projection of the electron beam at the pepperpot
anode.
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CHAPTER V

ENERGY SPECTRUM FROM DFEAS

V.1 Introduction

The name "diamond field-emitter array” does not hint at thenglexity of the
emitter material in these devices. The nanodiamond thadtitotes the emitter surface
consists ofsp? crystals with interstitialsp > and varying levels of incorporated Nitrogen
and Boron. Furthermore, the bulk of the emitter's internalicture is large grain
microdiamond. Details of the emitter’s nanotip structunel @hemical composition are
slated for investigation with TEM and other techniques ia tiear future [36]. There is
perhaps little reason to believe that these diamond stegghould behave as either pure
metal or semiconductor field emitters. While Fowler-Nordhdike emission has been
demonstrated, a full picture of the emission physics cabeotlerived from these data.
From a fundamental perspective, perhaps the most illumgabeasurement that can be
made is that of the emitted energy spectrum from DFEAs. Tleeggnspectrum emitted
from a clean nanodiamond surface can give insight into itsitle of states near the Fermi
level, while the spectrum from adsorbed molecules and at@msid in the understanding
of resonant tunneling effects between the nanodiamondhensiurface states due to those

adsorbates.

V.2 Energy Analyzer Design, Simulation, and Testing

To measure the emitted energy spectrum we have developedjhardsolution
retardation energy analyzer based on previous work at [B7¢ measured energy spread
in a standard retardation analyzer is artificially high dodrajectories having nonzero
transverse momentum. By including a cylindrical focusireg&lode, the energy resolution

can be improved by several orders of magnitude. A schemgiihe@nalyzer accompanied

52



@ ) ] =—Collector: ZnO/Y,0;:Eu

. ; = Retarding mesh

- — I_— = Focusing electrode
Vi :

= Front aperture plate

L
yal

L, 1 VA \ \
il: I Mo substrate

CVD diamond cathode

Figure 5.1: High-resolution retardation energy analyzehnesnatic (with
cathode).

by a cathode is shown in Figure 5.1. The system was modeledMiOBI 7.0, an
ion/electron optics workbench, in order to predict perfante of the analyzer. An
isometric-cutaway view of the analyzer is shown in Figur2. 5To find the achievable
energy resolution, we provide the analyzer with a monoexterdpeam having a°5
correlated-full-angle spread. Prior to energy scans,dhading electrode is adjusted until
the electron trajectories are normal to the retarding me&hernatively, the measured
energy spread may be minimized as a function of focusinggeltas seen in Figure 5.3.
Operating the analyzer at this minimum provides resolutian is smaller than the kinetic-
energy error in the simulation. The optimum focusing voitag found to b&V,.s =
0.97Vieam- Figure 5.4 shows the integrated collector signal as a fomaif retardation
voltage for beams of different energies. The error as aifnadf the total beam energy is
10 ppm, 10 mV for a 1 kV beam. Equipotentials and trajectdoesin energy scan of a 1
kV beam withV,.,s = 970 V are presented in Figure 5.5.

These simulations demonstrate that the idealized georoéthys analyzer is capable
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Figure 5.2: Cutaway view of the energy analyzer with electmam.
Simulation geometry by C. L. Stewart.
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Figure 5.3: Measured energy spread (due to KE error) as édumnaf focusing
voltage. Simulations by C. L. Stewart.
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of very high resolution, however, effects that are excluftech these simulations, such

as retarding mesh granularity, are found to have a signtfitapact on the achievable

resolution. Because the emission spectrum from these dduvethodes has never been
measured before, care must be taken to investigate thanmstrtal broadening due to these
non-idealities.

An excellent treatment of a retardation analyzer's broadgrfunction and its
deconvolution from experimentally measured energy spestrgiven by Reifenberger,
Goldberg, and Lee [38]. The measured total energy distabuistribution;’ is the result
of sweeping the analyzer’s resolution functibhacross the unknown true distributio,

The measured energy distribution is then given by the cortiool

Ji (€m) = /OO Jo (6)T" (€, — €) de (5.1)

—0o0

wheree,, is the mesh potential relative to the Fermi energy. Using=dileung theorem to

deconvolve these functions into their Fourier transfones have

Je (@) =Jo ()T (), (5.2)
where
)= = / () eede (5.3)

If the true energy distributionyy, (¢), is known, then the resolution function of the analyzer

can be found by

T’ (€) —de. (5.4)

\/% —o0 ]0
If the assumed Fermi energy in the calculation of the reswidunction is different from
the actual Fermi energy, this exact difference is reveaeshift in the resolution function
from the origin. In this way the Fermi energy can be accuyatieltermined for a given

distribution, provided the shape of the theoretical disition is known. When calculating
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the resolution function, high-frequency noise componentke experimentally measured
spectra can complicate matters. The effects of this noiselmanitigated in frequency

space by applying a Gaussian filter,
G (w) = e /2 (5.5)

to the experimental distribution. The parameteidetermines the extent of the high-
frequency damping and typicalty ~ 30 eV—!. Once the resolution function or its Fourier
transform is calculated, it may be deconvolved from meakssjpectra to yield the corrected

distribution

0 A ol
=g [T S {;)Me‘“dw‘ (5.6)
Thermionic cathodes have a simple and well known energytspadhat can be used
to extract the resolution function. When emission occursfriam the Fermi level and
the density of states is locally uniform, ingnoring normation constants, the theoretical

total-energy distribution for a thermionic emitter has ttwn
J' () =ee /Mo, (5.7)

whereT is the emitter temperature. The Fourier transform of (5&tiaightforward, and

given by
- 1 [ 1 -
Substituting into (5.4), we have
2
(¢) \/%/ / [/{:B_T - zw] (€=M 51 (¢ dwde (5.9)

wheree = ¢ + ), andy is the difference in the assumed and actual Fermi energy.

Our thermionic source of choice is a large areal(5 mm diameter) LaB(100) (2.69
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Figure 5.6: Detail of LaB thermionic source and Tungsten heater coil for
fiducial testing of the energy analyzer.

eV work function) button cathode. Detail of the experimémaangement is given in
Figure 5.6. Figure 5.7 shows the extracted resolution fandbr a cathode temperature
of ~ 1790 K and a beam energy of 500 V. The resolution function p@pmated by a
Gaussian least-squares fit with a FWHM of 0.147 eV that is syes#ly used to correct
measured spectra. The difference in the assumed and aetunal €nergy for this case, is
found to ben = 1.705 eV. The as-measured, theoretical, and corrected speetsihawn in
Figure 5.8. While the Gaussian correction sharpens the l@rggmise, it does not correct
the shift in the peak value’s location. This is because thashcesolution function bears a
small degree of asymmetry that is not reproduced in the GausAlso, the finite freqency
spectrum used in reconstructing the corrected distributsults in ringing on the sharp,

low-energy side. In Figure 5.8 this ringing has been trusdait the first zero crossing.

V.3 Measurement of emitted energy spectrum from DFEAs

For measurement of the energy spectrum from a DFEA, the datlamd energy
analyzer are integrated with the test stand shown in Figude She test stand can be
operated at UHV pressures and can apply electric fields ob up25 V/um. The cathode

is held in a miniature vise that is attached to a spring-ldakieematic mount. This
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Figure 5.7: The extracted resolution function for the epeagalyzer. The
Gaussian least-squares fit that will be used for deconwesludf measured
spectra is also shown.
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Figure 5.8: As-measured, theoretical, and deconvolvedispéom a 1790 K
LaBs thermionic emitter. The energy values on the x-axis arergredative to
the work function.
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Figure 5.9: General purpose UHV test stand for measuringsar properties
of DFEAs.

allows arbitrary adjustment of the planarity of the cathaede analyzer surfaces during
HV operation. Additionally, the anode carriage holding #alyzer can be adjusted
during operation to change the anode-cathode spacing. draeneters of the DFEA used
in these experiments were selected with the following neimgp The required electric
field for moderate current operation 4s 10 V/um, which is conveniently produced by
a 3 kV anode bias and an anode-cathode gap of;/300 In experiments under similar
conditions we have observed a beamlet diameter 80 ym from an individual emitter.

The array is then chosen to have a 188-pitch and a dimension of 220 tips. This

guarantees a macroscopic-array size for assisting inrakgh of the analyzer. With these

dimensions and conditions, roughly 50% of the array areavered with electron beam at
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Figure 5.10: 2620, 100um pitch DFEA and energy analyzer in teststand
during alignment procedure.

the analyzer’s aperture plane. This gives a reasonablepiidp of successful alignment,
and with a front-aperture diameter of bfh, a roughly 60% chance that the analyzer will
examine current from a single tip.

In these experiments the background pressure ranged Fremi0—1° to 2 x 107°
Torr depending on the emission current level. The first alignt attempt was successful,
and beam current was immediately detected at the collet#otrede. The analyzer was
configured in an observation mode where the accepted besmiegnified and allowed to
impact the phosphor-screen collector at high energy. Is thbde, spatial fluctuations
due to adsorbate action can easily be seen. It was clear tnese tobservations that
the beam comprised emission from multiple adsorbates.h&urtore, the aperture was
completely filled by the beam, suggestive that the accemadltoriginated from a single

tip. In this configuration, the beam may also be focused meargtarding mesh for fiducial
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Figure 5.11: Phosphor images produced by focusing the tedtbpamlet near
the retarding mesh. The 5@x pitch of the grid can be used for fiducial
purposes.

purposes such as estimating the relative importance ofisphand chromatic aberration
in the optical system. Figure 5.11 shows the phosphor séneage as the beam focus is
longitudinally swept through the retarding mesh. In thisecthe beam energy was 3 kV,
and the retarding mesh and collector were both held at 1.58N0\énVy = —210 V, the
beam was focused directly on the mesh. Although complidayeaberration at the focus,
the beam-spot size was estimated-a0-100m based on the 5@ pitch of the mesh.
When a monoenergetic beam is used in simulations, then theatstl spot size under
these conditions is on the order of a few microns. Howevegmdm energy spread of 1-2
eV is introduced, then the estimated spot size is on the ofdeany tens of microns. This
suggests that spherical aberration in the optical systemimportant for these beams.
During experiments with the LaBsource, the optimum focal setting for energy analysis

was found to be 97% of the beam voltage. This focal settingsuésequently used for
all DFEA measurements. During these measurements it wgsclear if the adsorbate
configuration changed during an energy scan. Typicallyvargadsorbate configuration
would persist for between one and twenty seconds. For a ratestep size of 0.1V,

each scan lasts for approximately 1-3 seconds. As expdbegresence of adsorbates on

62



the emitter surface has dramatic effects on the spectrupestiad position. Figure 5.12
presents a sampling of the measured spectra. Narrow lieesirggle spectra (averaged
over several scans) taken at different times but under thee sperimental conditions,
and the thick black and green traces are the measured speeteged over 600 scans.
Figure 5.13 presents two isolated adsorbate events. Toestare given chronologically
from earlier to later times (1,2...). The plot on the rightrastrates the power of adsorbate
modification of field emission through resonant tunnelinigistwas a rapid event in which
the current in the accepted beamlet increased by an ordeagritnde while maintaining
a spectral width of~ 0.4 eV. The collection of spectra on the left seems to suggest
the arrival of an adsorbate on the emitter surface followgdalgradual change in its
configuration. For instance, this could correspond to a siotation of the adsorbate’s
molecular axis or a progressive migration to regions of aigheld. The presence of
adsorbed species on the emitter can create surface statear¢hresonant with certain
electron energies in the emitter’'s density of states [1D, 3Bis resonance can result in
order-of-magnitude enhancements of the local tunnelimgeatt Thus, it is anticipated that
emission from the clean diamond surface is much weaker tretrobserved for adsorbed
species. Furthermore, the adsorbates tend to shift the pesikon of the distribution
to lower energies. This suggests that weak spectra with ¢tegitral energies should be
examined as the most likely candidates for origination feochean emitter surface. In these
experiments, spectra with the most energetic peak positiorb.5 eV) have corresponded
to the weakest intensities. Figure 5.14 shows unnormakzetinormalized versions of
these spectra. While some adsorbate modification is obsetv@dbvious that all of these
distributions share a single spectral feature: a stron§g pea bias of -5.5 V. The black
trace appears to be the most likely candidate for emissan & clean surface.

If we ignore normalization factors, the total-energy disttion for thermal-field
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Figure 5.12: Measured emitted energy spectra from a DFEAratic
Fluctuations in the adsorbate configuration on the emittéase cause changes
in the shape and positions of the spectra. Thin lines areitheal spectra and
the thick black and green traces are averaged av@00 spectra.
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Figure 5.13: Selected adsorbate events; Traces are chgioall beginning at
the index 1. A significant transition followed by a graduaftsg of the central
energy (left). A discrete event resulting in an order of magte increase in
the emitted current, a peak shift ©f2 V, and a narrow energy spread-of0.4

eV (right)
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Figure 5.14: Emission spectra that may have originated fariean diamond
surface. These distributions share a well defined speeaalife at -5.5 eV.

emission is given by [40,41]

oB/d

Jrre (T, E) = T3 BT (5.10)

where
qhF

= Tt (o) vamd (.11)

¢ is the emitter’'s work function} is Planck’s constant; is the electron chargey. is the

electron mass, andy,) is given by
t(yo) = 1+ 0.1107y5°. (5.12)

The argumenty, is

V@F/4me (5.13)

Yo = ;
¢

whereg is the permittivity of free space. This model may be used tibéitpurported clean
diamond spectrum once the instrumental broadening has demanvolved. The results
of this fit are seen in Figure 5.15. The work function is assiiteebe~ 5 eV, and the

temperature and electric field are allowed to vary as fittiagmeters. The best fit is given
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Figure 5.15: The proposed clean-diamond emission speatitimand without
resolution function correction. The corrected trace is fihva thermal-field
emission model.

by T = 767 °C andF = 3.88 x 10° V/m. While there is significant joule heating of the
emitter tips during large per-tip current operation (sal/gA/tip), these data were taken at
a per-tip current ofv 30 nA, so the fit temperature seems rather high. Further expets
are needed to constrain the values/oénd F, and to determine. The proposed clean
spectrum is very similar, both in shape and width@.5 eV), to the field emission spectra
from a nitrogen-containing diamond-like-carbon film, reged in [42]. A heating system
Is presently being integrated with the cathode holder tonaBubstrate temperatures up
to ~ 350 °C. Operation at elevated temperatures will enable rapidrgésa of adsorbed
species from the emitter surface. Additionally, flexilyilis being added to provide limited
translational capability for the cathode holder. This \dtilitate the examination of
multiple emitters, one by one, so that tip-to-tip variaidn the emitted spectra can be

studied.
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CHAPTER VI

THE SMITH-PURCELL FREE-ELECTRON LASER: AN APPLICATION OF
DFEAS

VI.1 Smith-Purcell Radiation and Superradiant Effects

An electron passing in close proximity to a metallic grat(fggure 6.1) emits a wide
spectrum of radiation into the space above. This is calletiSRurcell radiation (SPR) and
can be viewed as scattering of the electron’s virtual phéiedd by the grating. Smith and
Purcell first demonstrated SPR in 1953 [43] by using a Ls&/grating pitch and a beam
of ~ 300 kV electrons to produce radiation in the visible spauntrd’he periodic nature
of the scattering surface provides a coherence conditiating the emitted wavelength to
the angle of observation in the far field. This relation, megd and verified by Smith and

Purcell, is given by

Asp = ’% [% — cos (9)] , (6.1)

wherelL is the grating period, the integgis the grating order; is the electron velocity as

A
y N

AU

Figure 6.1: An electron passing near a metallic lamellatigga

a fraction of the speed of light, argdis the angle of observation measured from the beam
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axis. For a given grating period and order the Smith-Pulialld is given by

L (1-5 L (147
ol (T ) < Ase < (—6 )' (6.2

A multitude of theoretical treatments of SPR have been pewd which address
incoherent, coherent, and superradiant effects [44-51}hik discussion we follow our
previous analysis of SPR and superradiant emission [52]s theory has been verified
with particle-in-cell simulations by Li [53]. We considend incoherent radiation from
a single electron and then extend this result to the casemgiesand periodic bunches.
The angular spectral fluence emitted by a single electrosim@sver the grating is given

by [54]
AwWh  2cR?

_ =0
i - g B W

2
| (6.3)

wherec is the speed of lightR is the distance to the far-field observation pojat,is the
permeability of free space, amf") (w) is the Fourier transform of the magnetic field at the
observation point. Assuming a long grating and ignoringeedgliation and bound surface

modesB™ (w) is shown to be

BW (w) = \/Z;_ﬂl —gg’; (e)eiw/c(R—éz/B) (6.4)
o )

whereZ, is the grating lengthjz is the electron’s initial longitudinal position, anfd =
27/ L is the grating wavenumber. The coefficieagslepend on the unit vect® (6, ¢), the
electron energy and height above the grating, and the geierpetfile of the grating [52].
The argument of theinc function can be recognized as the aforementioned Smitbeur

relation. The field is maximized for a given frequency when

w (1 — [Beos(0)
?< E

)+pK:O, (6.5)
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and the spectral width of orderis approximately

= (6.6)

whereN, is the number of periods in the grating./¥f, >> 1 then the radiation on adjacent
grating orders is well separated in frequency, and the angyectral fluence on order

from a single electron is given by

WS Z2 (1= Beos () 2| : 6.7)
dwdQ — Tpge I} & '
« sin? {2 (EMHDK)]
2 \ ¢ I}

ConsiderN, electrons passing over the grating simultaneously withjtheelectron

having an initial position z;; the total angular spectral fluence on order p is then given by

Ne 2

Z efiwéz]'/ﬁc

d2W}SNE) d2W1§1)
dwdQ  dwd$

(6.8)

The behavior of the phase-factor summation in (6.8) dependie bunching spectrum of
the electron ensemble. For a large number of electrons aitlam spacings comparable
to the radiation wavelength the summatioris\/NN,, and the resulting angular spectral
fluence is a factor oWV, larger than the single electron case. If the electrons areastdrated

in a single bunch with lengthh> << f¢/w then the radiation is emitted coherently and the
angular spectral fluence increases by a facta¥gfelative to the single electron case. In
both of these cases the simple proportionality of the amgydactral fluence to the single
particle case indicates unchanged spectral and angutebdisns. If V, electron bunches

are spaced periodically with frequengy then the phase-factor summation is

(6.9)

Ne
2 efiwézj'/ﬁc _
j=1

Ny
E nee*lwﬂb/ﬁc _
Jj=1
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wheren, is the number of electrons per bunch apd= 27 5¢/w, is the bunch separation.
When the number of bunches is large, sharp resonances appbarnaonics of the
bunching frequency, = hw, = 2mhfc/z, whereh is an integer. Expansion of the
denominator of (6.9) around these harmonics and substitirito (6.8) gives

Ne
W

dwd (6.10)

: W — Wh
= NZsinc® [ TN,
Wh

d*W,"
) dwdQ)

When a bunching harmonic is within the Smith-Purcell bandathgular power spectrum

changes dramatically. The SPR is concentrated into namowlar peaks centered at

_|pleK

cos (0p) = % o (6.11)

In addition to SPR the grating supports non-radiative suishal electromagnetic
modes. The grating periodicity slows the phase velocityhaf tadiation and facilitates
interaction with a passing electron beam. The electron besimaves as a gain medium
for these evanescent modes and under certain conditiorsyhem may spontaneously
oscillate. The electron beam becomes bunched on the wayklen the radiation and
superradiant emission results as described in (6.10) afhd)(8Jsing an evanescent mode
of the grating to bunch the electron beam and produce supentaSPR is the basis of a

Smith-Purcell free-electron laser.

VI.2 SPFEL Experiments

The generation of superradiant SPR from an SPFEL configuratas first reported
by Urata, et al. at Dartmouth College [5]. The experimentglaaptus, pictured in
Figure 6.2 [5], was a scanning electron microscope (SEM)thad been converted for high
current operation. Modification of an existing SEM is a natwhoice for SPR sources
due to the flexible electron optical systems and low emiganeams that they employ.

This device utilized a tungsten-hairpin cathode and predwccontinuous electron beam
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Figure 6.2: Experimental arrangement of the Dartmouth SHBE

of up to 1 mA in current, beam energies of 20-40 kV, and a mimnmheam diameter
of ~ 25 um. The theory of van den Berg [55] was used to design gratingsweee
optimized for maximum emission of first order SPR directedwally from the grating.
The radiation was detected with a Helium-cooled Silicorobméter and spectra were taken
with either a Czerny-Turner monochromater or a Michelsoerfetometer. Spectra of
the radiation were in strong agreement with (6.2) and theatiat was srongly polarized,
ruling out blackbody radiation from a beam heated gratir@] s a source. The average
power was measured as a function of the electron beam camerttvo distinct regimes of
operation were observed: linear, and superlinear. In tperfnear regime the measured
power varied ag“ wherea ranged from 3-6 depending on the focal settings of the @lactr
optical system. The transition between these two opera¢iggnes was marked by a hard
threshold and was interpreted as the onset of a stimulatéskiem process between the

grating and the electron beam [57]. An example of this s@gant behavior is pictured
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Figure 6.3: Linear and superlinear regimes of operationhi@ original
Dartmouth experiments [5].

in Figure 6.3 [5]. While superlinear current dependence wasewved for a multitude
of grating parameters and electron beam conditions, thetrspgpower distribution was
unchanged by the transition to the superlinear regime. THsetoof superradiance marks
the presence of periodic density modulations in the elach®am. Provided the period
of these modulations is on the order of the radiation wawglerthe coherence conditions
mentioned in section VI.1 should produce dramatic changésa spectral-power-density.
The lack of observed spectral modification is perhaps thd swprising characteristic of
the Dartmouth experiments.

Several years after the original Dartmouth experimentsiher SEM based Smith-
Purcell device was demonstrated by Kapp et al. at the Uniyest Chicago [56]. This
device was capable of producing up to 30-kV, 10-mA, low-é&mite electron beams. The
beam envelope was characterized by rapidly scanning oyea@adly made Molybdenum
profilometer. It was found that the beam brightness could lenged by an order

of magnitude through the range of accessible currents,ewthi emittance remained
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relatively constant. The beam was rastered perpendicultietgrating surface producing
a modulated THz output that was detected with a Silicon betemlock-in amplifier, and
oscilloscope. A light pipe was positioned close to the gafor efficient THz transport
to the system’s polyethylene output window. A filter set wagdito confirm that the
central wavelength of the emission was in agreement wittsthgh-Purcell relation (6.2).
Estimated power levels were very low, 1 nW, even for high current operation ef 5
mA. Furthermore, the best performance was achieved wittiesmiaw divergence beams
even if they contained less total current. While these erpamts produced both linear
and nonlinear emission regimes, it was concluded that tidinearity was due entirely
to blackbody radiation from electron beam heating of theiggaand other apparatus
components. The nonlinear regime disappeared with thecagiph of water cooling and
minimization of current interception by the grating.

Two other SPFEL devices are located at Vermont Photonics, in Bellows Falls,
Vermont. Vermont Photonics has produced two identical SPBfstems that are
functionally similar to the SEM based sources mentionediipusly. These devices
demonstrate nonlinear behavior similar to the Dartmoutitesy and the spectral-power
distribution remains unchanged in the superlinear regihectron beam energies of 20-40
kV and currents up to 15 mA are achievable with spot sizes emtter of~ 50 um. The
Rayleigh range of the beam is approximately equal to half taérgy length,~ 4 mm, to
maximize the beam-wave interaction. Tunable THz SPR has pexluced from 10-100
cm~! and at power levels up te 30 yW. These sources are unique in that the grating
assembly has metallic sidewalls which confine the evanésoedes in the transverse
dimension and aid in the transport of SPR to the output winddwe theory of such
a confined-mode SPFEL is presented in detail in section ¥I.Recently, the Vermont
Photonics system has been used to explore the Vanderhitytitoed SPFEL operation.
These experiments and their comparison to the VanderblREERheory are discussed

in section VI1.4.
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VI.3 SPFEL Theory

Some of the earliest theoretical analysis of resonant aogipetween an electron beam
and a slow-wave structure (SWS) was that of Pierce on thelimgverave tube (TWT)
[58,59]. Pierce interpreted the interaction as the cogphetween a structure wave of the
SWS geometry and two space-charge waves of the electron Géenonly structure waves
that interact strongly are those that have a phase velogitghsonous with the electron
beam. In a TWT the group velocity of the laser mode is positawgd thus its stored
energy co-propagates with the electron beam. TWTs are tireramplifiers and operate
on a convective instability. However, such devices can béeta oscillate by utilizing an
external resonator or, less efficiently, with parasitic egitections. If the group velocity
at the synchronous point is negative, then the device gge@t an absolute instability
and may spontaneously oscillate without the assistancavityanirrors or end reflections.
Such backward-wave oscillators (BWO) were demonstrateeérexentally [60, 61] and
described theoretically [62] by the early 1950’s.

Although different in structure from the early helical andadly symmetric devices,
the fundamental operating principle of the SPFEL is the samgonant energy transfer
between the electron beam and a synchronous structure veaxge< bunching of the
electrons and amplitude growth of the wave. The open graifnifpe SPFEL supports
structure waves which evanesce in the direction normaldathting surface. The group
velocity of these evanescent modes can be either positinegative, facilitating amplifier
or oscillator operation. The two-dimensional theory othevice, including the effects
of losses and end reflections, has been examined in detdilda@xponential gain/growth
regime [63—66], and is closely supported by particle-ih-@IC) simulations [65, 67].
Three-dimensional PIC simulations have also been perfdforegratings with and without
sidewalls [68,69]. A two-dimensional numerical treatmeafrdevice operation from startup
to saturation, with one-dimensional electron dynamics &akso been performed [66].

Recently we have developed an analytic theory of SPFEL dperat three dimensions
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for the case of an infinitely wide grating (section VI.3.1p[71]. The primary conclusion
of section VI.3.1 is that some form of transverse mode confar is required if an SPFEL
Is to be experimentally viable. The theory of such a confimextie SPFEL is presented in
section VI.3.2 [72].

In the following theoretical treatments the electron bearmodeled as a relativistic
moving-plasma dielectric, and we confine our analysis toekgonential gain/growth
regime. In each case the dispersion relation is calculatei@st to the boundary conditions
of the grating geometry. The electron beam is then added adwipation and the resulting
complex wavenumber and frequency shifts are calculatedh®isynchronous structure
wave. These shifts result in growth or decay of the evanediedd in space and time, and
in this way the electron beam behaves as a gain medium forathiation mode. While
the two-dimensional theory of this process is not consill@rehe following sections, the

reader is referred to [63—65].

VI.3.1 Three-dimensional theory

In this section, we include the effects of transverse diffa in the optical beam of a
SPFEL. The approach is similar to that used for the 3-D thebtlie Cerenkov FEL [73].
As expected, three-dimensional effects increase the gagth substantially compared to
the 2-D theory. Furthermore, the dependence of the gairtHemgbeam current increases
due to gain guiding. We find that diffraction of the opticabbein the grating subdivides
device operation into two amplifier regions and two os@ltaegions. For the amplifier
and oscillator regions furthest from the Bragg point, whéxe group velocity vanishes,
we find the inclusion of a fast wave in the physically allowetlsons. This is surprising,
considering the nature of a guided system. For the osailtagion closest to the Bragg
point there are only two physically allowed solutions. Iiist known how the required

boundary conditions on the electron and optical beams caatisfied in this region.
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Dispersion: In an SPFEL, resonant energy exchange between the eleatam band
bound surface modes gives rise to spatial modulations ibehen density. For an electron
beam energy of 150 kV and the grating parameters of Tabldl&lintensity scale height
of the evanescent wave iSsx = fy\/4r ~ 40 um, whereg ~ 0.43 is the normalized

electron velocityy = 1/4/1 — 32, and\ ~ 1073 m is the free-space wavelength. We

Table 6.1: Example grating and beam parameters used in 3ebryth

calculations
Grating period 173 um
Groove width 62 um
Groove depth 100 um
Grating length 12.7mm
E-beam width/height 60 um
E-beam centroid height from grating top 30 ym
E-beam current 1 mA

anticipate from simple diffraction arguments that the $rgrse mode width is of order
Ay = \/B\Z,/2w, whereZ, is the gain length. For a gain length on the order of the
grating length, the transverse width is on the order of mitiers. Schematics of the device
geometry with all pertinent dimensions are given in Figure @ecause the fields vanish
exponentially above the scale height, we simplify the tiidoyrallowing the electron beam
to extend to infinity in ther direction. A filling factor can be used to correct for errors
introduced by this approximation [74].

In the following analysis we consider only transverse-nedign(TM) modes of the
grating for two reasons. First, to lowest order in the fiettig, electron beam resonantly
exchanges energy with only the TM modes longitudinal-eledield component. Energy
exchange with transverse-electric (TE) modes is of highderan the fields and is ignored.
Secondly, because the beam is a perturbation, the modeg ailtbmogeneous system
should resemble those of the empty grating. The empty gratinfinite width does not

support TE modes.
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Figure 6.4: Schematic representation of an SPFEL with amiiely wide
grating.

We begin by expressing the fields inside the grooves as Faaies

Eig) = Z EY (x,y) cos (%z) et (6.12)
n=0

H?J(,g) = Z HY (z,y) cos (%z) et (6.13)
n=0

whereA is the groove width, and is the frequency. Each term in the fields must satisfy

the wave equation, which is given in the grooves by

2,2 2
lv? _rr o ”—} BEY (z,y) = (6.14)

A2 c?

whereV, is the transverse gradient operator. Taking the Fouriestoam of (6.14) in the

y direction we have

2 2,2 2
{a_ L “’—} 29 (2,k,) = 0. (6.15)

wherek, is the wavenumber in the direction. The solution fos? (z, k,) that vanishes
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at the bottom of the groovds = —H) is

EY (x,k,) = EY (k,)sinh [k, (k) (z + H)], (6.16)
where
2.2 2
2 42 n-m w

For a TM mode, the componenis,?’ (x,ky) and Y (x, k,) are related through the

Maxwell equations by [75]

~ 2
Wwepe 0 = )

ma—xﬂm (2, ky) . (6.18)

A2

H (2, ky) =

Substituting the solution fok) (x, k,) into (6.18), we get

HD (x,k,) = HY (k,) cosh i, (k,) (x + H)], (6.19)
where
= iwec? =
HY (ky) = ﬁ““ (ky) EY (ky). (6.20)
w? — 5c

Above the grating we expand the fields in Floquet series éspammonics) of the form

Ege) _ Z E]()e) (x,y) e—ipKzei(kz—wt) (621)
p=—00

Hée) _ Z Hg()e) (.CE, y) e—ipKzei(kz—wt) (622)
p=—00

wherek is the longitudinal wavenumbek™ = 27/ L is the grating wavenumber, ardis
the grating period. The electron beam is treated as an @otdelectric in its rest frame

(primed coordinates), having an index of refraction givgni 6]

n (W) =1+x (W)=1-"% (6.23)
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where !, = —w?/w™ is the frequency-dependent susceptibility, aridis the plasma
frequency in the rest frame. The wave equation above thangrist

V2 — (K +pK')2 + i E (&' ) =0 (6.24)

c2

We note thatk + pK)* —w?/c?, E'”, and the transverse dimensionsandy, are Lorentz
invariant. In terms of rest-frame variables, the frequengylepends on the wavenumber,
as denoted by the subscript. Using the parameters of Table 6.1, the plasnoaérmcy is
calculated to be of the order 10'° Hz, while the operating frequency is of the order
10'2 Hz. We then make the approximatioff << (k' + pK’)* ¢ —w? and simplify (6.24)
as

2

{Vf — (k —i—pK)2 + L‘CJ—Q] El(f) (x,y) =0 (6.25)

As before, we Fourier transform the wave equatiop and get

2 ~

If we integrate by parts and ignore the discontinuitie@Ef) /0y, for an optical beam with

Az /Ay << 1[73], (6.26) becomes

2 2

8i2E (2, k) = [(/{:—l—pK) +k2——}E (2, ky) . (6.27)

The solution that vanishes at= oo is

B (2,k) = ELY (k) orbor, (6.28)
where
9 2 ) W
o, = (k + pK) —l—ky—g. (6.29)

79



The Maxwell equations relatl” (z, y) andE\ (x, y) above the grating by

iw’60(1+x’)02 O e
e prp e @) (630

HY (2.9) =

where we ignores? << (k' + pK’)? ¢ in the denominator. To transfordd}”’ (z, y) to

the laboratory frame we use

H, =~ (H, + fBcD;), (6.31)

where D), is the z component of the displacement field. From the Maxwell-Areper
law we havew, D) = (k' + pK') H). Combining this with (6.31), and recognizing that
y [w; + B (K +pK’)] is the Lorentz transformation af, we see thatHISE)’ (x,y) and
HyY (x,y) are related byHy” (x,y) = < Hy”" (x,y). The field in the laboratory frame

is then
iweg (1 + X;) 2 9 ©

H®© y) =
P (1‘ y) —(k+pK)2628$ p

(z,y) . (6.32)

Fourier transforming (6.32) in y, we get

. 2
HE (2. k) = adU 6.33

0 ~ 1 > , 0
= (e - ikyy ./ (e
[8pr (xaky) + \/ﬂ/_oo dye Xp (y) apr (xay) .

X

We simplify (6.34) by using the Faltung theorem to write thi=gral as

1 > ) 0
Ty etkvy 4/ E© — 6.34

1 & - ~ —a Vo
- [ (= ) o () B (1) ()

wherek; is a dummy variable and the Fourier transform of the susisitiptiis

~ 1 / 1 We Wiz z(k —k’)y W w W /
Xe (k’y — k‘y) = _Ew_g /_W/2 dy@ : — \/—_—SIHC |: (kfy - k)y):| . (635)
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When written in terms of lab-frame variables; /> becomes

w/? w2
= = — e . (6.36)
wy P w = Be(k+ pK)]

This is divergent near the synchronous paint (ck only for p = 0. For all otherp # 0

we may ignore the perturbation and rewrite (6.34) as

o )
iwege ) _ -
—ay (ky) eI B 46,0~ 6.37
w2—(/€+p[()262{ ap (ky) e p T X ( )
wg 0 ’ . W / N\ (e ’ —ao (K e
m/ dk,sinc {? (ky — ky)} Qg (ky) E, (k;y) o—oo(k) }

f{l()e) (*Ta ky) =

X

—00

whered, ( is the Kronecker delta.

Next we force continuity inZ. and H, at thex = 0 interface. In the grooves

(0 < z < A), suppressing the harmonic time dependence, we have

B9 (z=0,k,) = i B (k,) sinh [, (k,) H] cos <%z> , (6.38)
n=0

~ng) (x=0,k,) = i :ng) (ky) cosh [k, (k) H] cos (%z) : (6.39)
n=0

EYW (2 =0,k,) =0 (6.40)
Just above the grating?ﬁe) is given by
B (x=0k)= > E© (k,)et#0, (6.41)
p=—00

Setting (6.39) equal to (6.41), multiplying both sidesdoyt**7%)= and integrating over
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the grating period., we get

=7 Z E9 (k,) sinh [, (k) H) K gn (6.42)
n=0
where
Ko = iA (h+ k) A [(—D)" emihHak)A 1] (6.43)

(k + qK)* A2 — n2x?
Similarly, makingﬁy continuous across the= 0 interface within the groove, multiplying

both sides byos (™ =), and integrating from O tel, we find

o 1+ 0m ,0
Y9 (k,) 5 Acosh [k, ( Z H . (6.44)
p=—00
We may now substitute expressions (6.20) and (6.38) int4j6.remembering to

evaluate atr = 0, and then use (6.42) to arrive at the dispersion relation

EW ( i [ ) B9 (k) + Sy (ky,é,@ (k;y)ﬂ . (6.45)

n=0

The first term in the square brackets represents modes adrbiytthe empty (no beam)
grating. The second term embodies the modification of thasdesmby the presence of the

electron beam. The matrix elements are given by

4 Asinh [k, (k)] w?
14 0mo L cosh [k, (ky)]  Km (k:y)
f: (k+pK)A (k+pK)A ay, (ky)
(k+ pK)? A2 — 272 (k + pK)® A2 — m2n2 w? — (k + pK)* ¢

R (k) = — (6.46)

p=—00
1= (=1)"cos[(k+pK)A] m +n = even

Y

i(=1)"sin[(k + pK) A] m +n = odd
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and

. (ky, E}p) (6.47)
W 1 W K K w?

12
AL (14 0pmy) cosh [km (ky) H)  km (ky)  w? — k2223 [w — Bek]?

> ! W / / : / - /
< [ agsine {7 (k:y—ky)} o () sin [, () H] B9 (k)

—00

Calculations show that the dispersion relation for the goats well described using a
single term(m,n = 0) for the groove fields, provided that we use at least threegerm
(—1 < p < 1) for the fields above the grating. We therefore define the dispe function
D (w,k,k,) as

D (w, k,ky) =1 — Rog (w, k, ky) . (6.48)

The dispersion curvé (w, k,0) = 0, for waves traveling normal to the grooves of the
empty grating described by Table 6.1, is plotted in Figuke &long with a 150-kV beam
line. At the intersection of these curves the phase velafithe evanescent wave and the
electron beam are synchronous, igk = fc. Energy in the evanescent mode will travel
along the grating at the group velocitly = dw/dk.

When the electron beam is present, the dispersion relatidb)6ecomes

< W w? 1 —cos(kA) w? 1
D (w, k, ky) EY (k,) = c 6.49
(. ks ky) Eo™ () TALE? 73 [ — Bek]? cosh [ (ky) H] fig (ky) 2 — K2¢2 (6-49)

X / dk,sinc {% (ky — k;)} g (k:’y) sinh [ro (k:;) H] Ej(()g) (k:;)

We expect that the gain will be maximal near the synchronoirst puy, ko, k, = 0) where

D (u)(), ]{70, O) = 0, (650)

wo = Bcky. (6.51)
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Figure 6.5: Grating dispersion curve and electron beamllim® synchronous

pointisw/k = (c and the group velocity i, = dw/dk.

Noting that the dispersion function is symmetrick) we expand as

D (w,k,ky) =~ D, 0w + Dok + Dyékz,

where
ow = w— wo,
ok = k — ko,
6ky = ky,
and
oD
D, (wo, k?o) = % (Wo, ko, 0) )
oD
Dy, (wo, ko) = e (wo, ko, 0),
oD
Dy (wg, kg) = w (wo, ko, 0) .
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The derivativesD,, andD,, are related by

dD
dk

_ 9D + 9D Ow = Dy, + BycD,, (6.59)

0_% Ow Ok

whereg,c = dw/0k is the group velocity. This allows us to rewrite the dispemdunction
as

D (w, k, ky) = D,, (0w — Bycdk) + Dok (6.60)

Because:, << k ~ O (w/c), we can make the approximations

W
Q) (w, k, ]{Iy) ~ Q) (WO, ]{Zo, 0) = 6_’}(/)07 (661)
and
.Wo
ko (w, k, ky) = ko (wo, ko, 0) = z?, (6.62)
near the sychronous point. We also note that
w — fck = dw — Bedk. (6.63)
Including these approximations, the dispersion relat®bd) becomes
2 = (9) W w2
(5w - ﬁC(Sk) [Dw ((5&) — ﬁgC(Sk> + DyékS} 09 (l{?y) = —mrwag (664)

o

xtan () [1 = cos (ko)) / dk! sinc {% (ky — k:’y)] EY (k).

c —00

This result may be compared to the 2-D theory of the SPFELKgdahe limitasiV’ — oo

and subsequently evaluating/gt = 0. In this limit, the sinc function behaves as a delta
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function, selecting out the integrand valueiat= k, = 0. Evaluaing (6.65) gives

(0w — Bedk)? (dw — Bycdk) (6.65)

233c? w? wo
= _mryQ—u)gtan <?H> [1 — COS (k(]A)] N

which matches the dispersion relation for the 2-D theory-g&.
Of more interest is the limit in which the electron beam isyearrow compared to the
mode width. In this caseinc [% (k, — k)] ~ 1, and the remaining integral is recognized

as\/27rE0(g) (0). The dispersion relation is simplified by the substitution

D,
Ak2 = D, (6w — Byck) . (6.66)
The roots of this equation adk{" and Ak~ = —Ak\"”, which lie in the right half

and left half of the complex plane, respectively. Solvindo& foréég) and inverting the

Fourier transform, we get

3.2 2
=(g) 5 W Wy Wo
E = ———— ——t —H 6.67
o (v) wALD, 7?w3 an( c > (6.67)
im(9) 00 —ik
Ey” (0) e "y
X [1 — COS (k'oA)] m/ dkym
—00 y Y
The integrand has poles m/@(,*) andz’Aké’) = —z’Akl(f), which lie above and below

the real axis respectively. The integral is evaluated usomjour integration and the residue
theorem. Fowy > 0 the contour is closed in the lower half plane, so the integjramishes

along the curved segment. Integrating clockwise aroundanéour, we find

Eﬂ(()Q) (O) eAké_)y
(6w — Bedk)® Ak

Eég) (y) = £ tan (—H) [1 — cos (koA)]

6.68
ALD, y?wi ( )

The pole in the lower half plane has (z’Ak;’)) = Re (Ak@(f)> < 0; therefore, the field
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Figure 6.6: The number of physically allowed roots changggedding on the
operating point(w, k). Regions |, Il, Ill, and IV have three, two, two, and three
roots respectively.

vanishes afy = oo, as required. Similarly, foy < 0 the contour is closed in the upper half
plane andm (z‘Aké”) = Re (Akzé”) > 0, and the field vanishes at= —coc.

Evaluating (6.68) ay = 0 we arrive at the dispersion relation for the narrow beam,case

N

(6w — Bedk)? {% (6w — ﬁgcék)} = A, (6.69)

Y

where

W W wo
= 0D, gt ( - H) 1 — cos (koA)], (6.70)

and the sign of{g—z (0w — ﬁgcékr)]% = Aké_) is chosen so that its real part is negative.
Calculations show thab,, is negative, irrespective df, but D, changes sign such that
D, > 0 near the center of the Brillouin zori¢/K = 1/2) andD, < 0 towards the edges
of the zoneg(k = 0, K'). This subdivides the dispersion curve into the four distiegions

pictured in Figure 6.6. We now consider the amplifier andltzgor regimes of the SPFEL.
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Amplifier:  When the device operates as a steady-state amplifier= 0 and 3, is

positive. In region Il, the dispersion relation becomes

6k3 =T (6.71)
where )
A D, |?
= 32 | Do (6.72)
We find the roots of (6.71) to be
6k, = I'5¢i5m™, (6.73)

Similarly, for region I, the roots are given by
Sk, = Dei(snm+3) (6.74)

The solutions from (6.73) are plotted on the complex plarfégure 6.7. To relaték and

Ak,, we rearrange (6.69) as
1 A
2 _
0k* = OB

Valid roots obey the conditioRe (Ak,) < 0, i.e. Re (0k*) < 0. For region I, only two

(6.75)

roots satisfy this conditiom; = 2, 3. From Figure 6.8 we see that these are slow waves, i.e.
they have a phase velocity lower than that of the synchropoud. In region I, however,
there are three physically allowed roots including one feste solution. It is surprising
that a fast wave is allowed in a gain-guided system.

In region II, then = 3 root has loss and the = 2 has gain. The gain for the = 2 root
is given by

psp = —Im (6ks) = ['3sin <§7r) . (6.76)
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The transverse decay rate of the field is found from (6.66¢to b

1
D 2 1 -4
Ak?(;) - _ (‘_Dwﬁg c> [5e'5™, (6.77)
Y

and the correspondiny e width of the optical mode is

2

D,
Ay = —m =2 (‘Fyﬁg

c)_; I 5cos (g) . (6.78)

The prefactors of (6.77) are positive real, and upon exatoimave see that the real part of
Akg([) is indeed negative, as required for the fields to vanigh-atoo.

From (6.76) we see that the gain length and the electron-lbearant are related by

1 2 2
,u:70<n§’o<15. (6.79)

g

To understand this result we consider the relationship fpyevious two-dimensional

analyses [63—65], given by

1 1 1
- X ne oc Is. (6.80)

g

In the three-dimensional case, the average electron gengt the area of the mode is of

order
1 1
Ne & ArAyic x \/79. (6.81)
Combining (6.80) and (6.81), we get
LNE (6.82)
Zg XX . .

The relationship given in (6.82) is simply understood to be manifestation of gain
guiding in the SPFEL. As an example we consider the gratirdy@am described in
Table 6.1. For this particular grating the Bragg poiff = 0) is located atVg,,y, ~
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126kV. For an operating voltage of 150 kV, the scale height of thenescent wave is
calculated to be\z ~ 38um. To compensate for errors introduced in our assumption that
the beam stretches from the grating top to infinity, we sdaéedlectron density by the
filling factor [74]

he—W/2 het+W/2

Ffm:e* Ae  —e Az, (683)

where h. is the height of the beam centroid relative to the grating, tapd Ax =
1/2ay (0) = ByA/4r is the intensity scale height for the synchronous evanéseere. For
this case the filling factor i8%;; ~ 0.8. The three-dimensional gain is plotted in Figure 6.9,
along with the two-dimensional gain which has been scaledhday a factor of three to
appear on the same graph. The transverse profile of theielieel is given in Figure 6.10,
and thel /e mode width is found to by ~ 4.4 mm. By examining the geometry of this

mode, it is clear that the initial assumptions made conogrits dimensions are justified.

Oscillator:  When the synchronous point is to the right of the Bragg poirg, gloup
velocity of the evanescent mode is negative. This allowsggnexchanged in the beam-

wave interaction to be transported to the up-stream endeofjtating. This serves as an
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intrinsic form of feedback and, provided that the beam curexceeds the so-called start
current, allows the device to oscillate. For a solution tstex the oscillator case, three
boundary conditions must be satisfied in conjunction with dispersion relation (6.69).
The electron beam must be free of density and velocity meéiduka at the upstream end
of the grating, and the input optical field at the downstreard must vanish [64, 65].
These boundary conditions are satisfied by interferencbeofhliree waves that compose
the mode. We find that while region IV has three physicallgwaéd roots, only two waves
are admitted in region Ill. It is not clear how all three boandconditions may be satisfied
without the presence of a third wave. PIC code simulationsatgrovide a clear answer
to this problem since they are influenced by the finite widthhef grating even without
sidewalls [69]. Furthermore, solutions to the inhomogesesystem can have different
transverse widths due to the presence of gain guiding. Whletd the scope of this
work, it may be possible to use additional waves supportethbygrating to satisfy the
boundary conditions on the input field for gll Based on our calculations of gain dilution

by diffraction effects in the amplifier case, it seems unlikbat functional SPFELs will be
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constructed without some form of mode confinement. This p@nt is supported by the

PIC simulations of Li [69], which show a significant increase¢he oscillator start current.

VI.3.2 Three-dimensional theory of the confined-mode SPFEL

In the previous section we found that transverse diffracéfiects reduce the strength
of the beam-wave interaction. The reduced overlap betweerelectron beam and the
optical mode effectively dilutes the gain medium and insesathe device’s gain length
(amplifier) and start current (oscillator). The competitibetween gain guiding and
diffraction results in a mode width on the order of severdlimeters. Adding metallic
sidewalls with submillimeter spacing confines the opticalde and mitigates the effects
of transverse diffraction. In this section the theory oftsw@cconfined-mode device is
presented, including amplifier and oscillator operatiorine Heneral approach is similar

to that of section VI.3.

Dispersion: As before, we begin by expressing the fields in the grooves arme
the grating. In previous analyses it was found that the lbweder longitudinal term, a
constant, was sufficient for describing the groove fieldse fiélds may then be expanded

as Fourier series in the(transverse) direction as

(9) _ - (9) o Z —iwt
£ z; EWsin [k, (z + H)] cos [(2r 1) Gy] e (6.84)
H}SQ) — Z Hﬁg)COS [k (x + H)| cos [(27“ +1) %y] o iwt (6.85)

r=0
where( is the spacing between the grating sidewalls. From the wauat®n we have

2 w2

K24 (2 +1)° % -5 (6.86)

93



From the Maxwell equations the coefficients are related by

2

“HY = iwk,enEY. (6.87)
C

As before, the fields above the grating can be expanded asdilegries of the form

T (e —co
PO =3 3 B orcos (20 + 1) Ly it (6.89)
r= Op——OO
Z Z H(e T eos [(27“ +1) %y] ePiz gilkz—wt) (6.89)

r=0 p=—o00

The electron beam is again treated as a relativistic moviagnpa dielectric. The electron
beam’s index of refraction is the same as in section V1.3, thedapproximations’? <<

(k' 4+ pK')* ¢ — w2 is still valid. The wave equation gives

2 2

= — (k+pE)’ + “o—o. (6.90)

—(2r + 1) 2

Invoking the Lorentz invariance of the displacemént and the Maxwell equations we

have

yi| eipKzei(kz—wt) (691)

Z Z { (2r + 1) GQ} S [(27« +1) X

r=0 p=—oco G
. — QU T 7 z i(kz—w
= OZ Z ETp ( ;2) (iwap) e~ cos [(27"—1— 1) ay] ePKzgilkz=wt),
r=0 p=—o0

Multiplying by cos [(2s + 1) Zy] e**T9%)= and integrating over the grating width and

grating period, we have

. wg . /2 >
Hs(q) [(/{; +pK)2 — g} = iweg |gg Z OéqursErq (6.92)
p r=0

J,s describes the coupling between transverse modes, medthatbe electron beam, and
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Is given by

Jps = g {smc [(7“ +s+1) wg] + sinc [(7" —s) wg} } . (6.93)

Examining (6.36), we see that the susceptibility is divatgear the synchronous point for

only thep = 0 component. Accordingly (6.92) may be simplified as

e (4)2 -
He) {(k +pK)’ - —} — ey (6.94)

B =S R

Matching (6.84) and (6.88) at the = 0 interface, multiplying bye=“*+25)= and

integrating over the grating period, we get

Bl = K,sin [k, H] EY (6.95)

where
% 'e—z‘(k—i-qK)A -1 6.96
a=" (k+qK)L (6.96)

Similarly, matching (6.85) and (6.89) and integrating aver groove width, we get

H Acos [ksH] =L Z K, Hy, (6.97)

p=—00

Combining (6.87), (6.94), (6.95) and (6.97) gives the maggxation
D.EY =) R,EY (6.98)

where
L > VKK .
Ds(w,k):1+—tan(1sz)Z PP 5 Qsp
—(k+pK) ? Kk

1 (6.99)

p=—00

is the dispersion function for thé” field component of the empty grating and the matrix
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elements

L w*K; K, w? Qo . sin (k. H)
Ry (w, k) = — 0 e 2 Jp——L 6.100
(. k) Aw? — k223 (w — Bck) ks cos (ksH) ( )

describe the coupling between transverse orders of the field

Table 6.2: Example grating and beam parameters used in ednfitode-
theory calculations

Grating period 157 ym
Groove width 61 pm
Groove depth 226 um
Grating length 7.85mm
Grating width 500 pm
E-beam width/height 44 ym
E-beam centroid height from grating top 35 ym
E-beam voltage 30kV
E-beam current 10mA

Figure 6.11 compares the dispersion relation from the tingedsional theory with the
first three transverse orders of the confined-mode theorg §pating with the parameters
in Table 6.2. Additionally, electron beamlines for 30, 3dd&8 kV are shown, and we note
that the synchronous point for each energy corresponds to 0) for the two-dimensional
theory and 5, < 0) for the confined-mode theory.

The matrix equation must be solved numerically, and toitatd this, we recast it in

the form of the eigenvalue equation

DY iTSTq (6.101)
r=0
where
¢ = D.EY (6.102)
T, = ]ZS: (6.103)
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Figure 6.11: Dispersion relation for 2-D, and 3-D confineddetheories. 30,
34, and 38 kV electron beamlines are included.

The dispersion relation is then

Aw, k) —1=0. (6.104)

This can be solved with a root finding algorithm. To minimizergdilution, the sidewalls
are separated on the order of the wavelength of the opticdemin this case the = 0
mode is widely separated in frequency from the higher ordenponents. To solve the
exact multi-mode system, (6.101), we require an initialsguer the complex wavenumber
and frequency shifts. To obtain this initial value, we siifyplhe system by allowing the
electron-beam width to be comparable to the grating widtie doupling constants/, )
for r # s are small and the matrixz,,, is largely diagonal. In this case the= s = 0

mode should dominate the interaction and we may simplifyCtispersion relation as

D, (w, k) = Ry (W, k) . (6.105)

As before, we Taylor expand the empty grating dispersiortion near the synchronous
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point as

Dy (w, k) = D,ow + Dydk. (6.106)

Writing D, in terms ofD,,, (6.106) becomes
Dy (w, k) = D, (dw — Bedk) (6.107)

and the dispersion relation is then

_ W_SQOO (wo, ko)
/73 Dw (C()O, kO)

(0w — Bedk)? (dw — Bycdk) (6.108)

where
L W*K!Ky w?a, . sin(k.H)
gl k)=—>—"0 """ My "7 6.109
@or (@, K) Aw? — k223 kg cos (ksH) ( )

We now consider the cases of amplifigy > 0) and oscillator(5, < 0) operation.

Amplifier:  When the device operates as a steady state amplifier, the mnaxgpmain

occurs abw = 0 [64]. The dispersion relation reduces to

Sk3 — wf Qoo (w0> ko)

"B D,y (s o) (6.110)

Calculations show thap,, andD,, are negative irrespective of operating voltage. The roots

of (6.110) are then )
3

w? Qoo (wo, k’o)
73520350 D, (WO, ]fo)

Examining Figure 6.12 we see that only the-= 2 root has gain; the gain is given by

2m

Sk, = elsn (6.111)

3

wﬁ Qoo (WO, ]fo)
73520350 D, (W07 ko)

= (6.112)
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Figure 6.12: Roots of the dispersion relation for amplifieem@ion of the
confined-mode SPFEL.
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Figure 6.13: Comparison of the exact and approximate solsifior the gain.

We now have an approximate solution to (6.101) which can kd ts seed an numerical
computation of the multi-mode gain. A comparison of the agpnate and exact results
Is shown in Figure 6.13. The close agreement suggests thantéraction is indeed
dominated by the lowest order mode, and the approximatedigm relation (6.108) is

sufficiently accurate.
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Oscillator:  For oscillator operatiori/, < 0) the boundary conditions on the electron
beam and the radiation field are discussed in the previougsecThe electron beam
must be free of density and velocity modulations at the epstrend of the grating, and
the input optical field at the downstream end must vanish. dgaia guided system, the
optical mode width depends on that particular mode’s gamultiple orders with different
transverse profiles are used to describe the interactiomplocations arise in satisfying the
aforementioned boundary conditions. However, as foundhénpreceeding analysis, the
interaction is typically dominated by the lowest order modigach of the three allowed
roots have the same transverse profile and the boundarytomsdmay be satisfied as in
previous two-dimensional analyses [64, 65]. During oatolt operation these three waves
become frequency locked, having the saimeHowever, each wave may take on a different
0k, interfering with one another to satisfy the boundary cbods at the ends of the grating.

To simplify the analysis we define the dimensionless vagisbl

_|?8%¢° By D (wo, ko) 3 (5_W B )

5; = 7 et Sk; (6.113)
3826 D (wo, ko) | (l _ i) 5 6.114
@ Quwnk)| \B B/ (6414

wherej = 1,2, 3 corresponds to the three roots. The dispersion relatid®8).may then

be written in the dimensionless form

63 (6, — k) +1=0. (6.115)

J
As in the two-dimensional theory [64], the boundary comatis are given by

/60 1/6; 1/63

e~ €01 p—ibda i€l
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where

w2 QOU (Cdo k’o) 3 2
_ e ’ 7 = uZz 6.117
¢ Y3323 5y Dy, (wo, ko) \/gﬂ ( )

is the dimensionless gain. By solving the system numeri6atlyx, 41, d-, d3) as a function

of £, we can determine the growth rgflen (dw)) and the start current for the oscillator.

Results: The confined-mode theory may be readily compared with PI@ sgdulations
by D. Li et al [69]. While the grating used in the simulationglayur analytic theory is
identical, a few differences regarding the electron beaoulshbe noted. The simulations
use a finite beam with a circular cross section extending fhkgm= 13 um to h, = 57
pm while the theory assumes a beam which extends te= oo. To calculate the
plasma frequency, we use a square beam with the same caigsiakarea as that of the
simulations. A filling factor corrects for the finite naturetbe beam, giving an effective

plasma frequency of
(,deff = Ffillwe — [eithO‘OO _ 672hfa00i| 2 We (6118)

For the parameters of Table 6.2 the filling factoFis~ 0.5. The simulations also utilize
a strong axial magnetic field to confine the electron beam. mhgnetic field further
reduces the effective plasma frequency by a factor/af2 [74]. Figure 6.14 presents a
comparison of theory and simulations [69] for the growtrerat ther = 0 evanescent

mode as a function of the electron beam current.

V1.4 Theoretical Analysis of the Vermont Photonics Device

Recently, we have collaborated with Vermont Photonics t¢ ties confined-mode
SPFEL theory. There were several primary objectives ofelgaperiments: to measure a
non-linear emission regime concurrent with the spectralifreation discussed in section
VI.1, to observe the spectrum of excited evanescent modddpanvestigate the possibility

that a GHz electron beam instability has been responsibltheoobserved non-linearity
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Comparison of the analytic confined-mode theatth

thus far. We hoped to confirm lasing (oscillator) in this syst but were not successful

in this. The grating parameters used in these experimeantgiaen in Table 6.3. The

experimental arrangement is summarized in Figures 6.15, Gnd 6.17.

The grating

Table 6.3: Parameters of the grating used in the collaberatiperiments with

Vermont Photonics

Grating period
Groove width
Groove depth
Grating length
Grating width

155um
51 pum
218 um
7.85mm
500 um

Is bordered by vertical sidewalls that transition into lcamggled wings to improve the

transport efficiency of THz radiation to the output windowh€eTprimary collector for the

THz radiation is an off-axis paraboloid that can be scanhauggthe length of the grating.

The system is aligned using a pair of autocollimators suahrédiation emitted near the

grating surface is collimated and directed to the outputdevm Additionally, a planar

reflector that is optimized for directing superradiant esios to the output window can
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Figure 6.15: Schematic representation of the Vermont PingGPFEL.
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Figure 6.16: Interaction region detail in the Vermont Pimats experimental
arrangement.

be added to the downstream end of the grating. This is usdfahwhe superradiant SPR
happens to be emitted at foward angles. The radiation ic@etevith a Helium cooled
Silicon bolometer from IR labs, and the spectral contenthiimed with an automated
Michelson interferometer. The achievable spectral remwis typically ~ 0.2 cm~!, and
while the minimum detectable power4s1 nW, ~ 30 nW is required for accurate spectral
analysis.

In previous collaborative experiments with Vermont Phatsrwe observed for the
first time the evanescent wave in a Smith-Purcell device. gdrameters of the grating
from these experiments are given in Table 6.3. Sample spaotr given in Figure 6.18.
As expected, the = 0 evanescent-wave signal is strongest when the collecteersys
is centered on the upstream end of the grating. The readefdshote the absence of
higher transverse order modes in these spectra. PIC siondatlike those shown in
Figure 6.19 [68], provide an excellent visualization of 8wattering of these evanescent

waves from the ends of the grating.
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Figure 6.17: Schematic of the THz collector and interfertanarrangement in
the Vermont Photonics experiments.
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Figure 6.18: Spectra taken with the collection optics aemteabove the
upstream (solid) and downstream (dotted) ends of the gyafithe intensity

difference between the two positions is indicative of a ekl group velocity
for the evanescent wave.
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Figure 6.19: The impedance mismatch at the grating endesaaeattering of
the evanescent modes [68].

In the most recent experiments, we have observed for théifirsthes = 1 evanescent
mode. It was believed that the transfer of energy from thetela beam to the higher order
modes would be weak due to their much higher group velocitgwéVver, under certain
conditions this mode dominated the collected radiationgyovror efficient excitation of
the structure waves we begin by focusing the collectionesysin the longitudinal center
of the grating and then we adjust the electron beam for maximadiation power. This
roughly corresponds to the situation where the beam is &stas the grating center and
the Rayleigh range is approximately half the grating lengite simulated electron beam
waist at the grating region is shown in Figure 6.20. The ed@cbeam current used in these
experiments ranges from 5 - 15mA. The high power density of the beam prevents the
use of many traditional techniques for measuring the beafigrand we are forced to use
the THz signal as our primary diagnostic. This makes turiregdevice a challenge in that
maximum THz during the alignment procedure does not nedgssalicate the optimum
beam condition for efficient excitation of the evanescentieno

It was noticed early in the experiments that the spectraierurof the detected radiation

changed depending on the transverse position of the etelsram in the grating channel.
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Figure 6.20: Beam waist at the Vermont Photonics SPFEL gratgion as
simulated in POISSON/GPT. Dimensions are given in meters.
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Figure 6.21: Spectra taken as a function of longitudinalronimposition
when the electron beam is in the transverse center of thengréeft) and
approximately 10Q:m right of center (right).
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Figure 6.22: Mirror scan procedure for the data in Figur@g 66.25, and 6.26.
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Figure 6.23: An example of the collected total power maxirhaesved when
scanning the electron beam in the transverse dimensioneWftahy different
profiles were observed, this was the most common.
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Figure 6.24: Spectra taken from the upstream end of thenggaiihe largest
feature of each spectrum is normalized to 1 for comparisérerT= 0 mode,
~ 13 em™!, is only observed at 30 kV, possibly due to lower Ohmic losges
larger 3, or grating damage effects.

Consider the spectra in Figure 6.21, which were obtainedgusia procedure shown in
Figure 6.22. In general, evanescent waves of the grating draren more efficiently when
the electron beam was centered (Figure 6.21 left), while $8R enhanced for an off-
center beam (Figure 6.21 right). It is not clear whetherightue to preferential excitation
of different radiation modes or variations in the collentiefficiency with beam position.
Also, for a fixed mirror position, transverse scanning of éfectron beam revealed two
maxima in the detected total power. Figure 6.23 providesxamele of this observation.
These maxima were typically equally spaced from a centraimmim that is thought
to correspond to the grating’s transverse center. Theivelattensity of these two peaks
varied depending on the beam conditions. Based on a catibrafithe(z,y) scanning
coils, the separation of the two peaks was on the order of:20@/hen the mirror was at the
longitudinal grating center. This profile was less symnedtsr some mirror positions and
beam conditions and sometimes included multiple shouldérout a central minimum.

However, as the mirror was moved toward the upstream gratwgthis transverse profile
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Figure 6.25: THz emission spectrum (log and linear) foredtdht electron
beam energies. The = 1 evanescent mode is dominant, two orders of
magnitude larger than the first-order SPR~a20 cm~*, not shown).

transitioned into a single peak and the collected power veesihted by the scattered
s = 1 structure wavé~ 16 cm~'). The origin of these transverse distributions is not fully
understood.

The scattered = 1 mode was observed for three different voltages, 30, 34, &nd 3
KV, so that the shift of the synchronous point could be meauFor the data in Figures
6.24 and 6.25, the electron beam was optimized using theegure detailed above. In
Figure 6.24 the spectra are normalized to one so that tha@veeldistribution of their
spectral power may be easily observed. All other spectraammalized in the following
manner: The bolometer signal at zero-path difference (ZfDXhe interferometer is
proportional to the total power. We divide this maximum sighy the integral of the
spectrum and multiply by the original spectrum. This noimaion ensures that the spectra
may be accurately compared to one another. A comparisoreketthese measurements
and the wavelengths predicted by the confined-mode thegiyes in Figure 6.26. For 30
kV operation we observe the normal Smith-Purcell radiatioweaks = 0 mode signal,

and a stronget = 1 peak. When the beam energy is increased to 34 kV the fundamenta
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Figure 6.26: Comparison of experiment and theory for the waneer of the
r = 1 evanescent mode. The error bars represent the spectraesiirtion

evanescent mode and the SPR largely vanish while tael signal becomes significantly
stronger. At 38 kV thes = 1 mode grows dramatically and is the only detectable feature
in the spectrum. Currently, the disappearance okthe) and the dominance of the= 1
mode is not understood. However, one possible explanagitimat the Ohmic losses for
thes = 0 mode are more severe; due to its very low group velocity treslertransports
energy upstream very slowly. While this explains the exitorcof mode with increasing
voltage, it does not explain previous results in which ¢he- 0 mode was dominant at
the grating end and the= 1 mode was completely unexcited. Another possibility is that
the fundamental mode is more sensitive to grating damagettiehigher order modes.
The first 25% of the grating teeth and sidewalls can expegisignificant damage during
the tuning process from exposure to the electron beam. aipiargers = 0 signal was
observed with a pristine grating, but this signal tendeditoidsh over several hours of
operation.

Another primary objective of these experiments was to igate the suspected

presence of a GHz instability in the electron beam. Preveoperiments at Dartmouth and
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Figure 6.27: Typical example of the linear and non-linearssimn regimes in
the Vermont Photonics device.

Vermont Photonics exhibited a nonlinear dependence of diti|gub power on the electron
beam current. An example of this nonlinearity from the VeniBhotonics device is
shown in Figure 6.27. Initially, this nonlinearity was ttghi to result from the onset
of superradiance. However, superradiant emission is geanmd by modification of
the angular power spectrum as detailed in section VI.1. N snodification has been
observed in either device. Furthermore, nonlinear emrmdgsialways observed irrespective
of the grating geometry, and the beam current threshold risebof nonlinear emission
seems relatively insensitive to said geometry. These sdfaete were observed for
Cerenkov devices at Dartmouth [77] and the device propentere largely insensitive to
the dielectric properties. Nonlinearity in the emitted SR&st be the result of a modulated
electron beam density. This modulation would have beeryeatsserved if it occured at a
frequency in the THz region. This suggests that the moduidtequency lies below the
frequency resolution of the spectrometers that were useds i 5GHz. Alternatively, if
the modulation is unstable and fluctuates in frequency, itisespectral signature could be

washed out during signal acquisition.
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Figure 6.28: Experimental arrangement for measurement kb &lectron
beam instabilities.

To produce the observed nonlinear emission, the beamatsmillmust persist until it
reaches the grating region. A simple loop antenna, desifpred 2 GHz, was used in a
first attempt at searching for this signal. The system wasmnged as seen in Figure 6.28.
The grating was left in place so that the beam conditionsiredudor nonlinear emission
could be verified while searching for the GHz instability.€Tihitial search failed to detect
any GHz signals, however, further experiments are beingngld using other antenna
and measurement techniques. Additionally, simulationshefelectron gun are being

considered to estimate the expected frequency of any stgupcaithode oscillations.

VI.5 Design of a DFEA Driven Confined-Mode SPFEL

The high current density of DFEAs and the ability to pulseirtremission at
microsecond time scales makes the development of a simplEISPossible. Until now,
attempts to construct SPFELS have been based on modifi¢tbeleticroscopes or similar
electron optical columns. These devices are typicallydaagd thus far have produced

tightly focused electron beams of no more than 20 mA. ConsildeDFEA based SPFEL
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Figure 6.29: Experimental configuration for a DFEA-SPFEheTotal length
of the system is- 2 cm.
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configuration pictured in Figure 6.29. A large area DFEA3 x 1 mm) is integrated with
a simple Einzel lens that uses an aperture plate on the grioe as its third electrode.
The dimensions of the lens electrodes from left to right &@/2n x 2 mm, 400um x 2
mm, and 10Q:m x 1 mm. The grating has sidewalls separated by 1 mm. The magpiasc
cathode area greatly simplifies alignment by flooding a larga on the anode plate with
current. However, this relaxation of alignment constiicimes with the requirement of
pulsing the emission on microsecond time scales. Heatieglesions with a copper anode
have demonstrated 500°C temperature rise from 5 us pulses at current densities of
250 A/cnt [78]. The thermal relaxation of the system occurs on roughillisecond time
scales. Therefore, the system may be pulsed at frequendies hundreds of Hertz range
with duty factors of~ 0.05 % - 0.5 %.

The parameters of the grating are set in part by the need faadigal beam energy.
The beam energy is chosen to be 10 kV for the purposes of thgnde@®sented here. The
primary requirements on the grating geometry are that nsldnental evanescent mode
has a low group velocity at the interaction point (so thatghm is large), and that the scale
height of that mode is a comfortable size in the context ofeleetron optical system. A

suitable set of grating parameters is given in Table 6.4. disgersion curves for the first
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Figure 6.30: Dispersion curves for the first three transvemders of the
evanescent wave. Light lines and a 10 kV electron beamlmalap displayed.

three transverse orders of the evanescent wave are plotéglire 6.30 along with a 10 kV

electron beamline. This grating has a free-space wavdidagthes = 0 evanescent wave

of A\gp = 1.084 mm, and the first-order Smith-Purcell bandbi®yum < Agp < 919 pm.

The group velocity at the interaction point/§ = —0.061c and the scale height of the

s =0 mode isl/op = 34 pym.

Table 6.4: Parameters of the grating used in designing tHeADEPFEL

Grating period
Groove width
Groove depth
Grating length
Grating width

150 um
50 pm
260 um
lcm

1 mm

The electron optical system has been simulated in SIMIONfat.@etermination of

the optimum focusing parameters and the approximate bewetoge over the grating. A

cutaway view of the device with an electron beam is shown gufé 6.31. The optimum

focal strength for the device was determined by the follgymocedure: We define an
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Figure 6.31: Cutaway view of the simulated DFEA driven SPFEbmgetry
with an electron beam.

effective interaction strength for an electron passing tive grating given by

n(z) = e, (6.119)

wherez (z) is the height of the electron above the grating surface asetiin of the
longitudinal coordinatez, and oy is the scale height of the = 0 evanescent wave.
The parameten represents the exponentially decaying interaction of a@escent wave
with the electron as the electron’s height above the grasrigcreased. This parameter
is summed over the entire ensemble at a giveposition while scanning the focusing
bias. This determines the longitudinal profile of the effecstrength of the beam-wave
interaction as a function of the focusing potential. Theultissof these scans are shown
in Figure 6.32 The optimum focusing strength for this areangnt is determined to be
Vi = 0.58Vjeam = 5850 V. The initial electron beam has andy dimensions of 0.2 mm
and 1 mm respectively. Under these conditieng0 % of the electron beam passes the

grating aperture and 65 % reaches the grating exit. The effective aperture is eefioy
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Figure 6.32: Determination of the optimal focusing bias\gsan interaction-
strength weighting parameter for each electron. The pltiéaight presents
the longitudinal profile of the effective interaction stgém for optimum

focusing,V; = 5.85 V.

the first lens electrode for thedimension and by the grating aperture for théimension.

A side view of the beam’s propagation through the device ashin Figure 6.33. The
rms beam envelope was calculated for optimum focusing arsthasvn in Figure 6.34.
The beam centroid drifts further away from the grating stefaear the grating end due
to intercept losses of aberrated trajectories. Now the Isited beam envelope can
be used in calculating the start current and growth rateHerSPFEL interaction. We
approximate the actual beam envelope as a uniform dens#gn libat fills the region
Te =V 30pottom < T < T + /3044y, Wherer, is the average position of the beam centroid,
and oyoiom andoy,, are the average values of the rms beam radius above and dedow t
centroid. All positions are measured relative to the grggitop surface. Fine-pitch DFEAS
are capable of current densities in excess of 250 Afeni0 s pulses. This corresponds
to currents through the grating of up to 350 mA. Additionahslation will be required to
determine the effects of space charge on the propagationchf & beam. The resulting
beam parameters of the simulations are presented in Tdble 6.

When the beam parameters of Table 6.5 are used in conjuncttbrttve grating of
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Figure 6.33: Side view of the electron beam’s propagatioouiht the DFEA-

SPFEL.
Figure 6.34: Rms beam envelope for the electron beam at optifoausing

conditions.
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Table 6.5: Electron beam parameters determined by siroolafithe DFEA-
SPFEL electron optical system.

Beam width 1 mm
Beam bottom 34 ym
Beam top 86 um
Beam current] 0 < lpeqm < 350 mA
Beam voltage 10kV
] OO T T T T 1
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Figure 6.35: Calculated growth rate for the- 0 evanescent wave as a function
of electron beam current.

Table 6.4, the start current for oscillation on the= 0 backward wave 9, = 11.4

mA. This current level is easily achieved with the curremgites that have already been
demonstrated for sparse, 20a pitch arrays. The growth rate for the evanescent mode as
a function of current is shown in Figure 6.35. The growth iiaten the order of several
GHz, meaning that the beam-wave resonance should sataratnoseconds. For these
grating and beam parameters, the dominant superradiaatr&ion should occur where
the third harmonic of the evanescent wave coincides witrsdw®ond order SPR: = 72°

andAsp = 361 um (0.831 THz).
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CHAPTER VII

QUANTUM-DEGENERATE ELECTRON BEAMS AND A PROSPECTIVE
SOURCE

VII.1 Introduction

In recent years our development of high-brightness eladtieam sources has led us
to consider the ultimate limit of brightness, the so-calig@ntum-degenerate limit. This
limit represents the maximum phase-space density that eaachieved with a beam of
fermions, and is a direct consequence of the anti-symmediticre of their wavefunctions.
The uncertainty principle sets a fundamental unit of voldané-dimensional phase space
of h3. Eachh? of phase space contains a single spin pair of electrons fegercrate beam.
The level of quantum degeneracy in a beam can be written imnsterf the 6-dimensional
brightness (6-dimensional phase-space density as

_ B*Bgp  B3dON,

5 -
2 2dzdp,dydp,dEdt

(7.1)

whereN, is the number of electrons,andy are the transverse spatial coordinatesand
p, are the transverse momenfa,is the longitudinal energy, andis the time coordinate.
In terms of this degeneracy parameter, the normalizedveass brightness is given by

B — m*cd' I mPEPAV
N dadydpydp, h3

5 (7.2)

whereAV in the electron-energy spread in eV. The quantum-degenénait, ) = 1, is
then calculated for a field emitteA(” ~ 0.3 eV) to beBy ~ 3 x 10'® A/m2-str. Figure
1.1 (Chapter 1) displays this brightness limit and the edBah&rightness from a range
of different cathode technologies. Thus far, specializeld femitters are the only sources

capable of reaching this limit.
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VII.2 Measurement of Quantum Degeneracy

Simple estimates of the quantum degeneracy in an electram lbequire knowledge
of the transverse brightness and the electron-energy cpid@e transverse brightness is
typically not measured directly but is rather estimatecebasn the measurement of other
beam parameters. One such technique, described by [9]y@s/the use of low-energy
point-projection microscopy for determining the transetoherence length of the electron
source. The electron waves diffract around a hard edge dedeare at a downstream
detector producing Fresnel fringes. The number of obsdnimges depends on the emitter
surface area over which the electrons are emitted cohgrehtl The coherence time for
the electrons follows from the uncertainty principle andpgroximatelyt, = h/AFE. The
degeneracy is roughly the number of electrons that passighréthe coherence ared.
during the coherence tinte, i.e. § = (J/q) A.t., whereJ is the current density.

A more sophisticated and definitive method of measuring wegey is the Hanbury
Brown-Twiss coincidence measurement. This technique ie kiown as intensity
interferometry, and it provides a direct measure of quardageneracy. A diagram of such
a measurement is shown in Figure 7.1. When a beam has insegntifevels of degeneracy,
the arrival of electrons at the detector plane is stochastidPoissonian statistics accurately
describe the system. However, as the degeneracy is indresaporal antibunching
begins to develop in the beam. This antibunching can be wetexs anticorrelations
in electron arrivals at the two detectors, which are plac&tlimthe beam’s magnified
transverse-coherence area. A measurement of this typeceasperformed on the beam
from a tungsten field emitter [12]. Weak antibunching wascsgsfully detected and that
signature was only present when both detectors were caheilenminated by the beam.

The corresponding quantum degeneracy in this caséwas.6 x 1074,
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Figure 7.1: Experimental arrangement for measuring eladbeam
antibunching. The same arrangement was used by Kiesel @na¢asure the
degeneracy of a beam from a tungsten field emitter.
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VII.3 A Carbon Nano-Tube Based Quantum-Degenerate Electron Beam Soe

We have recently begun a program to develop high-brightales$ron sources capable
of reaching the quantum-degenerate limit. From a prac8tahdpoint, it is important
that these sources operate with very high local currentitiesmisn a stable manner for
extended periods of time. Covalently bonded carbon strestsuch as carbon nanotubes
and diamond microtips have excellent high-current-emrssitability due to their stable
structure and chemically inert nature. In contrast, foggian emitters we have observed
significant emission fluctuations during field-emission noscopy studies. Additionally,
metals are less chemically stable and are more prone to lmankdrdment damage and
catastrophic failure modes such as explosive evaporafiarbon nanotubes and diamond
are known to have excellent thermal conductivity which betpitigate such thermally
driven failure modes.

It has been known for many decades that the presence of adisortdecules or atoms
on the surface of a field emitter can produce order-of-mageienhancements of the local
emission current. Typically, the adsorbed species areluakigases from the vacuum
system. Depending on the operating conditions, these laalssr are typically stable for
many seconds. We are beginning experimental and thedrefioas to determine which
types of adsorbates provide the greatest emission anditsta@nhancements. In recent
months we have observed beams of extraordinary brightn@ssegdsorbed gas molecules
on individual MWCNT. Collaborators at Leiden University in tNetherlands mount these
individual MWCNTSs on a tungsten-needle support for handlind mmechanical stability
[79]. An example of the completed cathode is shown in Figu?e A simple diagram of
the field-emission microscope used to examine these cathsgeesented in Figure 7.3.
Figure 7.4 shows a field-emission micrograph of a MWCNT whoséase was cleaned
with a combination of laser irradiation and high-currenégtion.

The underlying covalent structure of the closed-cap ndw®is clearly seen in the

form of bright pentagonal rings. Figure 7.4 also demonsgrat transient adsorbate event
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‘ HV mag dwell | WD |spot| curr | tilt | pressure }%
£ 115,00 kV| 240 000 x | 24 s | 5.4 mm | 3.0 |88 pA|-1°|3.13E-9 bar

Figure 7.2: An individual MWCNT mounted on a tungsten needle.

cathode mesh anode

= phosphor screen

-HV +HV

Figure 7.3: Diagram of the FEM apparatus used for these emrpats. The
addition of a mesh anode enables the application of a bofistdrbetween
the phosphor and mesh. This allows observation of the epniggttern at any

anode-cathode spacing/potential combination.
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Figure 7.4: In these FEM micrographs, the underlying symyneftthe clean
MWCNT is clearly seen in the form of bright pentagonal ringsdaidnally a
transient adsorbate event was observed which correspoodesi A increase
in the emission current.

that resulted in a current enhancement gi%. The phosphor image of this event and
the operational parameters of the experiment can be usestitoage the brightness and
guantum degeneracy of the resulting beamlet. For a symemeé@am the normalized

transverse brightness is given by

(7.3)

If we assume that the transverse momentum is constant, lleetrtansverse-momentum

spread can be estimated in terms of the observed spot size by

Ap, — dm (7.4)

m /[ m
Lm 2qVm + Lp 2qVp
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whered is the measured spot diametgy, andL, are the mesh-emitter and mesh-phosphor
distances respectively, and, andV,, are the applied voltages at the mesh and phosphor
relative to the cathode bias. The approximate parameteleruvhich the data in Figure 7.4

were acquired are given in Table 7.1. In terms of these pammthe brightness is given

Table 7.1: Experimental parameters from Figure 7.4

L, | lcm

L, | lcm

Vi, | 360V
V., | 1360V
d 5mm

by )
Al m L L
By — m p 7.5

whereAz is the emitter size. If the beamlet originates from a singkeoabed atom or small
molecule, them\z ~ 107! m. For a beamlet current of @A the brightness is estimated
to be By ~ 4 x 10'® A/m2-str. This estimate suggests that the observed beam is/nearl
guantum-degenerate. As seen in Figure 7.4, the effectetinie of this source was less
than one second. To make a long lifetime source, adsorbatledigher surface binding

energies must be found.

VIl.4 Continuing Experimental and Theoretical Efforts

There are two proposed methods for preferential deposifiadsorbates on the emitter
tips: thermal evaporation and pulsed-laser ablation. iLabkation has the advantage of
being time gated. This helps to discriminate between resigas and atoms emitted from
the target during ablation. The atoms to be tested includeuge strontium, yttrium,
barium, magnesium, and gold. The energy analyzer discussé&hapter 5 will be
integrated with the system and will be used to search forssmndegeneracy such as
anomalous spectral broadening at high currents. Deflegiiaies near the cathode and

a phosphor on the front of the analyzer will facilitate spaictnalysis of the emitted
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beams from the clean CNT (pentagons) and from the adsorbexespadependently.
The measured energy distributions can be compared to thegedrdistributions calculated
by advanced density-functional theory techniques at \Emil¢80]. These calculations
might be used to guide the experimental efforts by quickiyreting current enhancement,
stability, lifetime and emitted energy spread for variotmmas and molecules of interest.
Once a mastery of the techniques for producing and pregethigse bright sources has
been developed, intensity interferometry measuremenitsbei performed to measure
the quantum degeneracy of these beams. Additionally, tkesee investigations and

techniques will be applied to gated diamond emitters oneg teach operational status.
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CHAPTER VIII

CONCLUSIONS

This primary purpose of this thesis has been to discuss ttentalevelopments of
diamond field-emitter arrays and their integration withctelen-beam-driven radiation
sources. These sources include, but are not limited to,ecdional free-electron lasers
and compact FEL paradigms such as the Smith-Purcell or Ceveinke-electron laser.
Important questions exist related to the operation of DFEBAke various injector systems
used to drive these lasers. DFEAs are slated for near teegratton into several different
injector types at various institutions. In the work pregenhhere, important emission
properties of DFEAs such as spatial uniformity, transversétance, and emitted energy
spread have been reported. Additionally, the 3-dimensitheory of the Smith-Purcell
free-electron laser has been developed and experimemabguor this theory has been
reported. Also, preliminary results from a proposed quamtiegenerate electron-beam
source have been given. In the folowing pages, the motivatesults, and conclusions for

each chapter of this thesis are presented.

Chapter 1: Introduction The next major advancements in electron-beam-driven
radiation sources are closely tied to the development diockt and electron injector
technologies. X-ray FEL devices depend on the capabilitgliably produce high bunch
charges while maintaining very high beam brightness. Thaahstration of 100-kwW
and 1-MW class high-average-power FELs relies on the dpuwsmt of high-average-
current injectors. Such an injector using present phobook technology is complicated
by the need for complex and unstable high-power cathode-daiser systems and the
delicate nature of high-efficiency photocathodes. Comp#izt FELS require the delivery

of high current densities over large areas while maintgirgmreasonably low emittance.

DFEAs are in a unique position to provide cathode solutiansrfany of these important
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problems. Of particular interest to this author is the usBIBEAS in the aforementioned
compact THz FELs. The theory and design of such a device wesepted in Chapter
6. Finally, the concept of quantum degeneracy in a freett@leensemble is discussed.
In most beams, the electron density in phase space is to ddwbserve the quantum
effects of degeneracy. However, for the ultra-high-bmgiss beams produced by single-
atom-electron sources, the degeneracy becomes signiéindnts effects may be readily
observed. Chapter 7 discussed these concepts in more aetgteiminary results from

a proposed degenerate-beam source were presented.

Chapter 2: Diamond Field-Emitter Arrays The development of DFEAs has spanned
nearly two decades, however until now their primary appilicawas to concepts such
as vacuum microelectronics, high-power switching, andntiaé-electric conversion.
Through a fruitful collaboration with the diamond microgi@nics group in the Vanderbilt
University Department of Electrical and Computer Enginagriwe have advanced the
development of DFEAs as free-electron-beam sources. $nctmpter we discussed the
inverse-mold-transfer processes by which DFEAs are fatett These processes were
detailed for both gated and ungated DFEAs as well as for diahoowated Si devices.
Vanderbilt is currently in collaboration with the Naval Rgreduate school to test DFEAs
in both HV DC and SCRF injector systems. The DC tests will exantire lifetime and
stability of DFEAs under the stress of high-energy ion bagktbardment. Operation in a
superconducting environment and strategies for proper gating of the emission will be

examined when the SCRF gun is completed.

Chapter 3: Emission Uniformity of DFEAs The discussions of this chapter centered
on the fundamental challenge of producing spatially unifoemission from FEAs.
Nonuniformity in an ensemble of field emitters is due prirtyatd the variability of each
emitter's surface-contamination state and variationsha uinderlying morphology and

composition from tip to tip. While certain techniques suchtlrmal annealing and
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plasma exposure may be used to normalize the contaminatites snormalization of tip
morphology in large ensembles of emitters requires a srlfihg conditioning process.
This process must discriminate based on a tip’s emissiaecuand surface electric field.
Such a conditioning technique for DFEAs was discoveredratharized, and optimized
in this work. High-current conditioning has successfultgguced uniform emission from
large numbers of tips while maintaining reasonable turfields. Thus far, per-tip currents
of 40 A have been demonstrated. For high-density arraym{4sitch), this corresponds
to a current density of- 250 A/cnt. These tests were performed under conservative
conditions and were not designed to drive the cathode tailtg€ limits. These limits will
be tested in coming months with high-current operation atosiecond time scales. So far
the primary limitation of DC operation has been back bomivemat from sputtered anode
material at high current densities. The tests in the DC giiP& should help determine the
limits of DC operation in the absence of this particular baoknbardment. Conditioning
tests demonstrated that DFEAs were capable of high curparabon in extremely poor

environments for prolonged periods of time.

Chapter 4: Emittance and Brightness of DFEAs This chapter discussed the concepts
of transverse emittance and transverse beam brightneddeenniques for determining
these measures experimentally. These techniques incimgedurement and fitting of
a focused beam envelope as well the standard pepperpotigaehwhich is used to
determine transverse-trace-space projections of thér@eteensemble. The experimental
arrangement for a pepperpot emittance measurement of DiRBAgiven. The aperture
mask was specially fabricated from an SOl wafer. This maskeseas the primary
anode in a close-diode arrangement with @23, 204m pitch DFEA. The measured
divergence of the electron beam corresponds to a normdliaesverse emittance ef 10

mm-mrad for a uniform beam with transverse dimensions of kX&émm. This satisfies the
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emittance requirements of IR HAPFELs. The experimentalltesre closely supported

by simulations of the emitted beamlet from a single diamomnaatip.

Chapter 5: Energy Spread from DFEAs The emitted energy spectrum from DFEAs
can provide insight into the fundamental physics of theercegbn emission process. A
high-resolution retardation energy analyzer was desigoeasstructed, and tested for the
purpose of measuring this emission spectrum. The analyaesunulated in SIMION and
shown to be capable of mV resolution for kV beams. Howevenjdealities in the actual
analyzer such as mesh granularity and imperfect alignmeobmponents produce an
instrumental broadening that decreases the resolutierttd5 eV. This resolution function
was determined by energy analysis of the beam emitted fromBg thermionic cathode.
The resolution function is deconvolved from any measureecsp to mathematically
improve the instrument resolution. After these fiducial waments, the analyzer was
used to measure the emitted spectrum from a DFEA. The armamaders were chosen
to provide a high probability of current acceptance fromragla emitter. Subsequent
observations with the analyzer suggest that the accepteshtalid indeed originate from a
single tip. Temporal modulations in the total current andttem spectrum were observed,
and were interpreted as the result of resonant tunneliraugfir adsorbed species on the
emitter surface. These fluctuations draw close analogy dsettobserved with carbon-
nanotube field emitters. It is believed that 5-10 % of the &dispectra contained the
spectral signature of a clean emitter surface. This supdsed spectrum has a FWHM of

~ 0.55 eV, and it was fit with a thermal-field emission model gsieasonable parameters.

Chapter 6: The Smith-Purcell Free-Electron Laser: an Applicaton of DFEAs The

SPFEL and similar compact FELs have the potential to fill a/weportant source gap
in the electromagnetic spectrum, the so-called THz gap. ddwelopment of compact,
narrow-band, moderate power THz sources would serve as @ortamt catalyst for new

discoveries in material science, medical imaging, remateation, and biomolecular
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dynamics. In this chapter the 3-dimensional theory of sisighhal SPFEL operation was
developed for an infinitely wide grating. It was found thag¢ ttvanescent modes of the
grating are gain guided by the electron beam, resulting iaia ghich depends of*/°
rather than the standard’? of 2-dimensional theories. The dilution effects of tranisee
diffraction in the optical beam lower the gain substangiallhis makes lasing exceedingly
difficult for the case of a narrow electron beam. One soludn confine the optical mode
in the transverse dimension with conductive grating sidiswdhe theory of this confined-
mode SPFEL was developed, and subsequenty applied to a@tatke experiments with
Vermont Photonics. The first observation of higher-transy@rder evanescent modes was
reported, and found to be in excellent agreement with thémet-mode theory. Lasing of
an SPFEL on an evanescent mode of the grating has yet to bavadhiFinally, a design
for a DFEA driven SPFEL was presented. Propagation of thetrele beam through this
compact device< 1 in?) was simulated and the resulting beam profile was used taleséc

the performance characteristics of the FEL interaction.

Chapter 7: Quantum-Degenerate Electron Beams and a Prospegg Source In this
chapter the intriguing concept of quantum degeneracydteetron beam was discussed.
The development of reliable and robust quantum-degenelatéron sources would mark
an achievement similar to the development of the laser, Wwipimoduces degenerate
ensembles of photons. Widespread access to quantum-datgeeéectron beams may
open up new frontiers in imaging through techniques suchtassity interferometry and
high-speed electron holography. Further applicationshinigclude the miniaturization
of high-resolution electron microscopes, or advances amtum computation. Thus far,
we have demonstrated electron beams that are near the qudegenerate limit of beam
brightness using MWCNTSs with adsorbed gas molecules. Howtwese beams are only
stable for seconds at a time. We are preparing to selectilagpsit a variety of adatoms

on the emitter surface in an effort to produce beams with doraperational lifetimes.
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These efforts are being paralleled by collaborators perifag calculations with advanced
density-functional theory techniques. With the succdssfuelopment of a stable source,
we will estimate the degeneracy first through energy spresgsarements, noise-spectrum
measurements, or point-projection microscopy, and sulesgly measure it directly with

intensity interferometry.

Future Directions The results of this thesis suggest a number of direction$utoire

work:

1. The electron-emission physics for DFEA emitters with esttiout adsorbed species
should be subject to further experimental and theoretioatstigations. These
studies may provide insight on how to take advantage of adseeffects to improve
DFEA emission properties. Such work may also have relevamadsorbate effects

with carbon-nanotube field emitters.

2. Of the various DFEA types, ungated arrays have reachedntis mature state.
However, the development of gated DFEAs is being activetgped. The remaining
challenges include the elimination of gate leakage anthgesf the high-frequency

response characteristics for these devices.

3. DFEAs will soon be integrated with various electron itjesystems. The capability
to properly time gate electron emission from ungated amayst be established, and

the lifetime of DFEAS in such environments must be examined.

4. Demonstration of functional gated and multi-gated deviavill facilitate the
development of compact, scanning-probe electron micpeszoSuch devices focus
the electron beam from a single emitter using multiple aéfned-gate electrodes,
and collect the secondary electrons scattered from a nesmmple. The sample

may be scanned underneath the stationary beam with higisiorepiezo-electric
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actuators. Additionally, gate electrodes with higher éegrof symmetry may be

produced, such as sextupoles, for aberration correction.

. The compact DFEA-SPFEL discussed in Chapter 6 should belapmd. This
device should be used to check the validity of the confineder®PFEL theory (also
presented in Chapter 6). Once the source is functional, tigag®ns in biomolecular

dynamics and other fields of interest should be undertaken.

. Development of carbon nanotube quantum-degenerateaiebeam sources should
continue. The next line of investigation will involve theeusf certain adsorbates,
such as strontium, gold, or cesium, for increasing the kgalaind lifetime of the
source. Measurements of the emitted energy spread frora #usorbates may give
indications of degeneracy, such as anomalous broadenitigec$pectrum. After
these preliminary experiments, coincidence measurensrasld be performed
to observe anti-bunching, thus providing an unmistakaldgederacy signature.
Similar experiments may also be performed with gated diairimid emitters once

they are operational.

. Quantum-degenerate-electron-beam sources may findigatagpplication in the

fields of high-resolution electron microscopy and highespelectron holography.
Additionally, the intensity interferometry techniquesedsto measure quantum
degeneracy may have application as a new imaging modalityesd techniques

should be investigated upon successful source development
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