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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. Dedoeh as the klystron and cavity
magnetron provide high power levels in the GHz range. Bactwave 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 lirportant 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 principalty leam quality. Generally
speaking, in a beam-driven radiation source the electramiaust be con ned 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 rements for electron beam
intensity and focusability. These qualities include, abal, the electron beam'’s transverse

brightness, i.e. the beam ensemble's current density ocafied trace space, which is given

by
_ A (6 x%y; YY)
~ dxdxdydy°

(1.1)

wherel (x;x%vy:y9 is the current densityk andy are the transverse position coordinates,



andx® = dx=dz andy® = dy=dzare 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
Bn = B=( 2 2),where and have the usual relativistic meaning, so that it is invariant
under accelerations. Another useful quantity is the edechream's normalized transverse

emittance, which is

Ny = X X% (12)

where 4 and o are the rms radius and rms divergence of the beam respgctiVake
emittance and its relevance in describing beam ensembtiscsssed 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.

Nx fel ; (1.3)

where ¢¢ is the resonant wavelength of the FEL interaction.

Presently, there are two main frontiers in FEL developmieatty depending on the use
of bright electron beams: x-ray FELs such as the Linear Caotidright Source (LCLS),
and high-average power FELs (HAPFEL) in excess of the 14 kéfae 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 ofl.2 m-rad, however the average
current of this injector is only 100 nA. Among the most important development areas
in the eld of HAPFELSs is that of high-brightness, high avgeacurrent 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 eld emitters. There are also interatediarieties such as photo- eld
emitters and photo-thermal cathodes (not plotted) [6]. ¥/ald and photo- eld emitters
have been recently tested in a high-voltage DC gun (100 ky3][7/feasibility has not
yet been demonstrated in RF injectors. Thermionic sourcasdge beams with moderate
current and emittance, but the emission is not easily gatéidhout gating, the cathode
emits into RF phases that result in electron back bombardmaestexcessive cathode
heating. This is prohibitive in the context of a high-avexairrent injector.

By far, the dominant cathode technology in modern FEL devakqu 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 lowentuaef ciency (QE), but are
rugged and have extremely fast response times. The senictamd/ariety, while having
high QE and requiring low photon energy, have slower respdinses, are very fragile,
easily contaminated, have shorter operational lifetimmaed,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 FELSs are currently being develppedever, those required for
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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 thdiagglectric eld 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 impéetdnre of eld 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 gladhodes. This is especially
important when considering the thermal constraints placedSCRF injectors. The
only waste heat produced by eld emitters is the self-joutsatmg from conducting
electrons to the emitter surface. While the pulsed- eld®sidn 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
eld emission from ZrC needle cathodes. A more promisinghode utilizing eld
emission is the so-called eld-emitter array (FEA), a pla@aray of micro-fabricated
eld emitters. These devices can be manufactured with artdowi self-aligned gating
electrodes. Additional gating electrodes can be addedfarding or beam collimation to
minimize transverse emittance. Of principal interest ia thesis are diamond eld 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 aggin@lly investigated for
a variety of uses involving high-power vacuum electrontugh-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 signi cant resistance to
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Figure 1.2: SEM micrographs of a DFEA; wide view (left) arldietail (right).

back-bombardment damage during poor vacuum, close-di@legd&ration. The material
properties of diamond have allowed DFEA operation in regimaccessible to traditional
metal eld emitters. The performance of DFEAs is rapidlyreasing 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 Poatdgate 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 greatlyadiiiying the injector system for

HAPFELSs.

I.4 The Quantum-Degenerate Limit of Brightness

The potential inside a solid de nes certain allowed energyes which the conduction
electrons occupy with a spectral density of one spin paistse. These states are lled 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 pelctionsequence. Field



emission is the only emission mechanism that approachesrigbtness required to
produce signi cant levels of quantum degeneracy [9-11]. éaw degeneracy signature
has been successfully measured for a tungsten eld emitteegent 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 usewstiergy point-projection
microscopy [9]. As the electron waves pass a hard edge, tteyes and interfere with
themselves at a downstream detector. The Fresnel fringekiped by this interference
can be used to measure the transverse coherence lengtle foedim, 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 amgspread in electron energy,
the transverse brightness is restricted by degeneracydé@tenerate limit corresponding
to an energy spreadE 0:3 eV (typical of eld emitters) is displayed in Figure 1.1.
Calculations demonstrate that recent experiments at Vaiidavolving multi-wall carbon
nanotubes (MWCNT) and adsorbed species have approachecdutimsumq 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-Punesdlélectron laser (SPFEL),
a compact terahertz device, as an application of DFEA cathobthe SPFEL is covered in
extensive theoretical detail, including three-dimenalpand three-dimensional con ned-
mode variations. This theory is used to guide the design dfaAdriven SPFEL. Chapter
7 discusses the concept of quantum degeneracy in a freteeglddeam and presents recent
progress in our development of a carbon nanotube basedumategenerate 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 rst developed by Spindt at SRI e tmid 1960's [13]
marking the birth of what is now known as vacuum microelauts. These devices are
based on the physical process known as eld emission, whenetal or semiconductor
immersed in an electric eld of order 1-10 V/nm will begin toné 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 in uentleeodpplied electric eld.
The rate of electron emission from metals based on this iptenevas rst derived by
Fowler and Nordheim in 1928 [14], and subsequently re nedMiyrphy and Good in
1955 [15]. At low temperature (even up to room temperature)@mitted current density,

Jen, IS shown to have the form

Jen (F) = &g, F2e P =F (2.1)

whereas, andhb,, are constants depending on the work function, Bnt the electric
eld at the emitter surface. Field emisison may typicallyidenti ed as such by plotting
the | -V data within (I=V ?) as the ordinate ant=V as the abscissa. Fowler-Nordheim-
like emission will appear as a straight line where the slap \aintercept depend on the
constantdy, anda;, respectively. When the emitter is a semiconductor, the eomss

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



electron supply from the bulk semiconductor is mobility iied and thel -V response

becomes Ohmic in character. The theory of eld emission fs@miconductors was rst

reported by Stratton in 1955 [16, 17], an analysis whichudeld the effects of surface
states, eld penetration and the resulting band bending.

More interesting eld-emission effects occur when atomsmmlecules are adsorbed
onto the emitter surface. The electronic states of an adsoimmersed in the applied eld
have certain allowed energy levels. When these energiesaomant with an occupied
region of the emitter's density of states, large enhancésneithe eld-emitted current
occur. Moreover, because the adsorbate's electronicsstagecon ned to a small spatial
extent, the emission enhancement is highly localized. Redotunneling also causes
signi cant changes in emitted electron energy distribatiooth in structure and in position
relative to the Fermi energy. Resonant tunneling enhanceamehangular collimation of

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

1.2 Fabrication of DFEAs

[1.2.1 Ungated devices

Ungated diamond eld-emitter arrays are produced using ddftransfer 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 ofG6 . These molds are sharpened by oxidation in
preparation for diamond deposition. The oxide grows pesfgally on the walls of the
mold, avoiding the corners (Figure 2.2). The result is agihacess in the tip of the mold
where the faces of the pyramid converge. By using mask ho&sthk 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 ultrasonicainoa diamond slurry, a step

10
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Figure 2.1: DFEA fabrication process ow
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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 tenoiiamond
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 combinatiospt andsp® carbon, dopant concentration,
and nitrogen content. A thin, conformal, nanodiamond layeleposited rst (Figure 2.3),
while microdiamond is used to back Il the bulk of the struetu The diamond is then
sputtered with a Ni/Ti coating that serves as a buffer/adhekyer during substrate
brazing. TiCuSil braze is used to attach the cathode-moldttsire to a polished Mo
substrate. After brazing, the protective Si mold is remowvdth 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 eld-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 upuggh the brazing procedure.
However, an SOl wafer with a buried oxide layer (BOX) is useplace 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@gxre 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 seen in

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 silieofase must be prepared

13
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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 abtgated FEA
cell. The current density plot to the right shows the () phase space
projection of the beam ensemble at end of the simulation.
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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 structuresgargé 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 dif cult to grow thin conformal laygeof diamond that maintain
a small tip radius. Accordingly, eld enhancement at the hi@s been small and the
required macro elds are prohibitively large for convertiggsting 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 DFEAssiroe integrated: high-
voltage DC, NCRF, and SCRF. The transverse-emittance measusegailed in Chapter
4 demonstrate that ungated DFEASs possess suf cient beatitygfex driving HPFELS.
While ungated devices are very rugged, control of the emiskeel and timing is not
very exible and depends on geometric enhancement of thetrele gun's applied eld. In
contrast, for a gated device the emission timing and tip aile controlled by the potential
applied to the nearby gate electrode, and the gun's eldeseownly for extraction. However,
generally speaking, gated devices are more susceptibktastoophic failure. If the gate
electrode and cathode are shorted together at even a sioigie pither by damage or
contamination, the ability to apply the requisite elds @st. We consider rst 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
con guration the NPS gun can provide elds on the order of Y5 m at the cathode
surface. Currently DFEAs require 10 V/ m for moderate current operation. To increase
the electric eld, the cathode can be secured to the end a@illattat is extended towards the
anode. Early simulations by Lewellen [21] demonstratelaisée elds on the order of 7
V/ min this con guration. This will be suf cient for preliminar investigation 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 otlatr 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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Figure 2.10: Integration of gated and ungated DFEAs into phesent
con guration 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 eld. Asesult, 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 extimgst cell before the elds
reverse polarity. This leads to large degradations in beaafity and should be avoided.
One technique for decreasing the transit time in the rskisghe 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 eld can be moved to an earlier time than the peak oRRdundamental. Ideally,
the third harmonic component is strong only near the catlsad@ce. This could possibly
be achieved by recession of the cathode into the back walleoftin [23]. As with DC
guns, gated devices have more exibility regarding timeirgabf 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&tSfhas 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 signi cant barriers to the ation of FEA technology
has been the dif culty of providing uniform emission curtesver a large spatial extent.
Consider a single eld emission source; The emitted currengxXtremely sensitive to
properties such as geometry, work function, and surfactaotination. Small fabrication
variations in emitter tip radius, height, chemical comgiosi and crystalline orientation
can result in order of magnitude differences in the emissiorent between tips in an FEA.
Additionally, the strong electric eld gradient near thelltade attracts polarizable species
from the vacuum to the cathode surface. The induced dipolmaenbof an adsorbate can
signi cantly lower the local-surface energy barrier for ission. Additionally, adsorbate
effects such as resonant tunneling may produce order-gfifale enhancements in the
local emission current. The con guration of adsorbates lo& ¢athode surface is in a
state of constant ux. There are three primary effects imgd| each 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 eld,iwain approximate rate given
by [24]

Rart = e F7eT; (3.1)

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

on the surface), E is the approximate energy barrier for the transitidag, is the
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Boltzmann constant, anf is the local surface temperature. Similarly, the desorptade
IS approximately

Rees= € ©7T; (3.2)

where G is the difference in the free energy of the adsorbed and Hedmstates. The
most important feature of these processes is their expiahsansitivity to the local surface
temperature. Non-uniform emission produces differergliewf 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 sbsia higher fraction of tightly
bound species compared with weakly bound species. Simglywhen the tips heat up
due to emission, the equilibrium concentration and conmjowsdf 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 thatcae signi cant deviations from
standard Fowler-Nordheim-like eld-emission behaviandachange 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, asma treatment, the
underlying morphological differences must be addressedctieve a high degree of
emission uniformity. As an example, consider the arrangestgown in Figure 3.1. Using

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

d=rcot?(); (3.3)

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

the approximate electric eld at the emitter tip is given by

F. = 2Vanode _ 2Vanode . (3 4)
tip — - - y .
rcos() In 54 f In(4d=r) , o
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whereVanoge IS the applied anode potential. The current density as diimof the local

tip to anode : d

tip radius : r

half angle q

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

electric eld is approximated by the Fowler-Nordheim eqaat(2.1). Integrating over the

entire emitter surface provides an estimate of the emittieckot given by

Fip co$ ()
Bn + Fip Sin® ()

I (Vanode) =2r 2 JFN (Ftip): (3-5)

In Figure 3.2, equation (3.5) is used to calculate the ewmmssurrent 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 weth0%rms spread. Figure 3.3
presents a histogram of the resulting emission. The diffarebetween 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 shd8rms spread is applied to the work
function. The highest and lowest emission levels differ bgcor of 50. Clearly, what we
require are conditioning techniques that discriminateetiam 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 eld stress drives
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Figure 3.2: Emission distribution from an array of 10,0Q8stiwith an rms
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Figure 3.4: Emission histogram when using a uniform tipwadif 10nm and
a10%rms gaussian spread in work function, centeredats eV. Tip currents
range from 0.5 Ato25 A

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

effectively increasing the required applied eld for a giveurrent.

[11.2  Uniformity Conditioning Techniques

[11.2.1 Vacuum-Thermal-Electric Conditioning

When a newly fabricated DFEA is initially turned on, the enassis highly non-
uniform and the observed beamlets undergo rapid ickering t 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 elds are applied has been found toaase
temporal stability and spatial uniformity signi cantly. &fefer 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
eld emitters, and the triangles correspond to the |-V resmafter pulsed
conditioning. The |-V behavior of the emitters after comating is nearly

identical [27].

Figure 3.6: Detail of beams from individual DFEA tips. Eadaln comprises
multiple beamlets from adsorbed species which uctuate ttu@dsorbate
migration. The tips are laid out on a square grid with a 3@0pitch.
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Figure 3.7: Schematic of close-diode conditioning arramgat. Anode-
cathode gap is typically 120 - 300n, 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 eld gradient toward the emitter tips. Returning tathode to room temperature
restores the slow diffusion rates for tightly bound adsteband results in extremely stable
eld emission. Additionally, the presence of these adsteban the active emitting area
typically results in signi cant reductions of the arrayleh-on eld.

Figure 3.7 presents the experimental con guration for ¢towing studies. The
cathode is set in a close-diode arrangement with a phospilooiea Planarity and spacing
are guaranteed by using precision quartz capillaries. Tioede is charged to +HV
and eld-emitted current is measured using a logarithmiareeter that is ber-optically
coupled to a computer data-acquisition system. The |dgartt 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. sy8tem is capable of
providing electric elds upto 30V= m, substrate heating to 350 C, and controlled

gaseous environments at pressures®f-10 8 Torr.
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Figure 3.8: VTEC apparatus: provides 8& m, 350 C substrate heating,
and10 3 - 10 8 Torr controlled gaseous environment.

Figure 3.9 shows typical current data from a VTEC treatm@fttile the turn-on eld is
signi cantly reduced by VTEC, the effects are not permanert decay over the course of
several hours. This implies that the effects are adsortagedrather than morphological
in nature. An example of uniformity enhancement due to VTEGhHown 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 samel@Grray is pictured before
(left) and after (right) a 300C VTEC treatment. The same electric eld was applied for
both images, however, the current increased fromAQ@o 50 A during VTEC. The total

active fraction of emitters was increased fron80% 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 eld-emission displ&onditioning techniques that
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Figure 3.9: Increase in the emitted current for a xed electeld 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 elds, endingsaVE m. The
uppermost tip was malformed during fabrication and not etgueto emit

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

DFEAs possess an inherent self-limiting conditioning nagtm which results in
highly uniform emission after operation at moderate petirrent levels. We observe no
morphological or emission uniformity changes below cutsesf 1 A per tip. Driving
the emitters past this level induces emission uniformitiiaamtement, possibly through
thermal-assisted eld evaporation. This phenomenon has lobserved in experiments
with carbon nanotube eld emitters [29-31]. Self-Jouletipand the large eld 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 is i@ 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 8hibws 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 15 A
per tip. Tips are noticeably shorter with signi cantly ieased tip radii

nanotips is noticeably shorter and the tip radius has besigmecantly larger. Following
conditioning, a uniform emission level of 15A per tip DC was achieved at an applied
eld of 15 V= m. The high-input-power density removed th@ Ni metalization from
the anode locally, resulting in signi cant charging andvmeting higher current testing.
In subsequent conditioning studies, the array parameters progressively scaled toward
the desired nal device, a large area arraydm?) with high tip density ( 4-6 m pitch).
To con rm the possibility of high tip density scaling the atitioning procedures needed
validation with smaller tip geometries. As expected, ctoding of the small geometries
(5 mbase) has been identical to that of larger emitters (10f2Mase). 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 of Bh base emitters and have the same overall
area. The array pitch in Figure 3.13 is 206 while the array pitch in Figure 3.14 is 100
m.

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 20 m base length and were packed with a 28 pitch while the anode-cathode
gap was 300 m. At this spacing the individual beamlets were approxima&) 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 m emitter base and 200m pitch. The plot demonstrates a linescan of
a single row.
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Figure 3.14: Phosphor screen images before and after HCC@{202DFEA

with 5 m emitter base and 100m pitch. The plot demonstrates a linescan of
a single row.
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Figure 3.15: HCC progression for a 24 ungated DFEA. No emission
uniformity changes are noted until an average per-tip ciwé 1 A.

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

emitters. The conditioning procedure follows: An initialage 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 level oLOnA 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 lsw&fl 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-sputgéemode material on
the cathode surface following moderate current operation.

over the cathode's active area as seen in Figure 3.17. Esdiorinof the evolution of
tip morphology has not conclusively ruled out anode back emtiment as a contributing
factor in HCC. However, it is dif cult to understand how backrhbardment with a roughly
uniform spatial distribution could discriminately coridit 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 modi cation was noted duritigese conditioning
studies; nanotip deformation under the stress of the apgliectric eld was observed.
This effect provides a self healing mechanism for certabrifation 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 pydsntentral axis deformed to
align with the direction of the macroscopic electric eld. dditionally, in some cases
double-tips that were stuck together separated. The impoet of self-Joule heating to

these eld-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 signi cant problem with high-current density DCeogtion of DFEAS
in close-diode arrangements is anode back bombardments i$Hiest illustrated by
Figure 3.19. Observations includes catastrophic tip da@magd deposition of large
particulate matter, 100nmin size. The estimated power density incident on the phaspho
anode in this case was 600W=cn?. For a 4 m pitch array, a per-tip current of 15A,
and a beam energy of 1.5 kV, the input power density at theaisod 100kW=cm?. This
is two orders of magnitude higher than the power densitipe&jfly used for sputtering
refractory metals. Obviously close-diode DC operation a$ 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 achidives 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 shouldckmlew levels of performance
for DFEAs.

Recently, preliminary experiments on pulsed conditionifgD&-EAs have been

35



Figure 3.19: Tips from a 28m pitch 5 5 ungated DFEA before (four tips on
left) and after (four tips on right) HCC and back bombardmearndge. 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 con guration. These cathodes have been ssfotlgsconditioned with pulsed
operation at 1 kHz with a 1% duty factor (1& 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 40 A. This result was from a 224224 array of 10 m base emitters with a
20 m pitch. The corresponding peak current density was thdi® A=cm?. When scaled
for our highest packing density, 4n 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 explbeermaximum achievable currents
for single emitters under pulsed operation.

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

This provides signi cant exibility in the physical geomst of 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 presenguid-do not require an
anode to establish the accelerating eld and high-voltagedins 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 intmEuhe concepts of

trace space and distribution moments. Each beam partideahi@ajectory given by

Xij;xP= ddiz , wherex; = x;® + 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, whers€ or yCis the ordinate ang ory 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 suf ciently high
particle number the ensemble can be approximated by a srdstibution,n (x; y; x% y9.
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 rst momentsdmndx®vanish about the beam axis, and the

><>

(%, x‘)_y

N>

Figure 4.1: Electron trajectories inside the beam envestefocus.
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Figure 4.2:(x;x9 Three trace space projections: at a beam focus, when the
beam is diverging, and when the beam is collimated

second moments ix andx®

W Z7Z
X2 = x2n (x; x% dxdx° (4.1)

» zz
x® = x®n (x; x9 dxdx® (4.2)

give the rms beam size,, and the rms angular divergencgy. The correlation moment
hxx 4 indicates whether an electron's transverse position éedlto its angular divergence.
Figure 4.2 demonstrates thrée x9 trace space projections: at a beam focus, when the
beam is diverging, and when the beam is collimated. We maythmsse distribution
moments describe the quality of an electron beam by introdua quantity called the

rms emittance, which is given by

q
«= h2ihx® h xx9% (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 quadies 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
x = x xO. (44)

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

of particles in the beam in conserved, the continuity equat
@
r-v+vr + —=0; 4.5
@t (43)

wherer is the phase space gradient. If all forces in the system atigathe from
a Hamiltonian, then Hamilton's canonical equations of mtmay be substituted into
equation 4.5, causing the rst term to vanish. The two renmgiierms are recognized as

the total time derivative of the phase space density
%:vr + — =0: (4.6)

This is known as Liouville's theorem [33], and it states ttia local density of the beam
ensemble in phase space, as viewed while moving with a fg@rig constant in time.
Liouville's theorem is a statement about density cons@wain 6N -dimensional phase
space, wher@&l is the number of electrons in the ensemble. However, if taeteins can
be regarded as non-interacting, and the space-charges fre@pproximated as an external

eld applied to all electrons, then Liouville's theorem mhag applied to 6-D phase space.
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When the beam electrons undergo acceleration, the rms an@ttee have described is

not constant. Consider the slope of an electron trajectotlydrparaxial approximation

; (4.7)

=
|

S
I

RS

wherep, andp, are the momenta in theandz directions respectively. When the electron
Is accelerated in thedirection,p, changes whil@, remains constant. This raises or lowers
the divergence of every electron in the beam, effectivebngling the volume occupied in
trace space. A more useful parameter that is invariant uactsierations is the normalized

emittance, given by [34]

q
1 Y .
N, = X = hx2ihp2i h xpyi’: (4.8)

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

10— 1
= 2ihp2i = :
Ny —_ hx2i hpZi moc X P (4.9)

The transverse emittance describes how well a particle neayrbe 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 brightnes$ssasimply the local current
density in 4-D transverse trace space. As with emittan@btlghtness has a normalized

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

by
1 d*l
Bn = = 2 dxdxdydy” (4.10)
or equivalently, in phase space variables
By = m@ 9. (4.11)
N dxdp,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 leegemble,

1 I I
By = — = mF—
§ 22 Voo Vipxypy

(4.12)

IV.2 Experimental Arrangement and Results

There are two primary techniques for determining the emiaof an electron beam.
The rst techniqgue determines only the emittance rathen th& details of the trace space
projection. The electron beam is focused by an optical sayséad the beam envelope is
determined as a function of the distance along the beam faxisxample, by scanning a
phosphor screen or a wire scanner along the length of th&é@helobeam. This measured
envelope is compared to envelope equation, using the emdtas a tting parameter.
Alternatively, the beam pro le can be measured at a singietpehile 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 angulaaspemanating 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 kinip a single transverse
dimension, whereas a pinhole array examines both traresdargensions simultaneously.
After passing through the aperture mask, the beamlets angdd-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 eaniEne aperture mask
parameters and the length of the drift space are such thaetralets are well correlated

at the phosphor but do not have signi cant overlap with onetlaer. A schematic of
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Aperture mask I—drift Phosphor screen

Electron beam

Figure 4.3: The pepperpot technique of determining an reledieam’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. Thereferamplify the process by
measuring the beamlet emitted by a single pinhole and tremaag that the same result is
obtained irrespective of transverse position in the beamuigated, 3 24, 28 m pitch,
diamond eld-emitter array (Figure 4.5) is placed in a clakede con guration with a
pepperpot as the primary anode The experimental arrangamshown in Figure 4.6.
The anode-cathode gap is set using precision quartz aagsl|830 m in diameter. When
the thickness of the diamond Im is included, the gap iS00 m. In this con guration,
elds up to 17 V/ m can be applied. The pepperpot (Figure 4.7)is fabricateoh fro
a single SOI wafer, using a multistage patterning and egcpiocess, and has 30mn

square holes with a 200m pitch. A eld-free-drift space of 5 mm is set with a cylindat
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Figure 4.4: The(x;x9 trace space distribution obtained using a pepperpot
technique

5S.8 kV ®1580

Figure 4.5: 3 24, 28 m 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 prakmyi emittance
measurements.

metal spacer and terminates at a high-sensitivity ZnO pbioptreen. The apparatus has
an integrated resistive heater, allowing annealing of #ihade up to 350 C. This
annealing improves uniformity due to modi cation of adsedospecies 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 nagen Figure 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 brighsspdhe image are the result of
phosphor damage from unrelated experiments. The resulte 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 antaermd
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
m, corresponding to an rms angular divergence &8 mrad before aperture
defocusing.
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m, which corresponds to an rms angular divergence,o0f 50mrad. The elds around
a pepperpot aperture act as a diverging lens and increasedasured divergence at the
collector. The focal length of the effective diverging lesgiven byf = 4L, whereL is
the anode-cathode spacing. Correcting for the focal lenigtiPanm reduces the measured
rms angular divergence tgo 38 mrad. For a beam energy of 2 KV 0:09) and a

cathode size ol = 1 mm, the normalized x-emittance is
N, = x x0=0:97 mm mrad (4.13)

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

trace space volume occupied by a beam with this diverger{8&jis
V=2 2d (4.14)

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

(A/m?),

1
Bu = 5257

(4.15)

For the highest per-tip currents and tip densities produbed far, the current density
averaged over the area of the arrayis 25 1P A/m?, and the normalized transverse
brightness iBy 35 10 A=m? steradian With the successful development of
pulsed conditioning techniques, high-density (@ pitch) arrays are now available for
emittance testing. This represents an increase in tip geofsk> 30 times compared with

the present results, and will signi cantly re ne these ma@snents.

IV.3 Simulation of Single Tip Emission for Estimating Array Emittan ce
For comparison with our experimental results, we have pewo 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@é& Particle Tracer (GPT).
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Figure 4.10: Detail of an individual emitters nanotip sture with eld 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 distribution= 10 3, was determined using preliminary
energy spread measurements of the eld emitted beam frondal@amond Im. These
early measurements suggest a FWHM energy spread of 1.3 e\bs& clp view of the
emitter's nanotip, electron trajectories, and eld solyimesh 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 pro le andx; x9 trace space projection are shown in Figures 4.13 and 4.14
respectively. The calculated beam spot o650 m 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 eld
map to the tip geometry

Z=300mMm

8e-5

4e-5

y(nm) ©
-4e-5
-86'
=T -5e-5 0 5e-5
X(rm)

Figure 4.13: Electron beam's transverse pro le at the pegppieanode.
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Figure 4.141(x; x9 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 eld-emitter array” does not hint at themgpdexity of the
emitter material in these devices. The nanodiamond thadtitotes the emitter surface
consists ofsp® crystals with interstitiabp? 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 ie tiear future [36]. There is
perhaps little reason to believe that these diamond steg&hould behave as either pure
metal or semiconductor eld emitters. While Fowler-Nordielike emission has been
demonstrated, a full picture of the emission physics cateotlerived 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 itsidle of states near the Fermi
level, while the spectrum from adsorbed molecules and atansid 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 arti cially high dwettajectories having nonzero
transverse momentum. By including a cylindrical focusireg&iode, the energy resolution

can be improved by several orders of magnitude. A schemgtie@nalyzer accompanied
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Figure 5.1: High-resolution retardation energy analyzehnesnatic (with
cathode).

by a cathode is shown in Figure 5.1. The system was modeledMiCOBI 7.0, an
ion/electron optics workbench, in order to predict perfance of the analyzer. An
isometric-cutaway view of the analyzer is shown in Figur2. 5To nd the achievable
energy resolution, we provide the analyzer with a monoesterdpeam having a 5
correlated-full-angle spread. Prior to energy scans,dhading electrode is adjusted until
the electron trajectories are normal to the retarding meshernatively, 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 vadtag found to beViocus =
0:9Vpeam- 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 withVsous = 970V 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 electtmam.
Simulation geometry by C. L. Stewart.

Figure 5.3: Measured energy spread (due to KE error) as éidunaf focusing
voltage. Simulations by C. L. Stewart.
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Figure 5.4: Integrated energy distributions for threeeddht beam energies.
The focusing is set to optimum for each scan. Simulations dy. Stewart.

Figure 5.5: Trajectories and equipotentials inside thegynanalyzer during a
scan.
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of very high resolution, however, effects that are excluttech these simulations, such

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

resolution. Because the emission spectrum from these dducathodes 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 distdbudtistributionj { is the result
of sweeping the analyzer's resolution functibfacross the unknown true distributigig,
The measured energy distribution is then given by the corioo

Z,

je(m)= . ie()T(m )d (5.1)

where p, is the mesh potential relative to the Fermi energy. Using=dleung theorem to

deconvolve these functions into their Fourier transfonwes have
.0 .0
() =75 (1)T); (5.2)

where z,

.0 1 . |
e (V)= P> je()€e' d (5.3)
1
If the true energy distributionjJ ( ), is known, then the resolution function of the analyzer
can be found by

Z .0
1 ")
0 - il
TO= P | w)®

If the assumed Fermi energy in the calculation of the reswidunction is different from

dr: (5.4)

the actual Fermi energy, this exact difference is reveaeshift in the resolution function
from the origin. In this way the Fermi energy can be accuyatietermined 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 lter,
G()=ze!'™2"’ (5.5)

to the experimental distribution. The parameteidetermines the extent of the high-
frequency damping and typically 30 eV 1. Once the resolution function or its Fourier
transform is calculated, it may be deconvolved from meakssjpectra to yield the corrected

distribution 7
1 .0
G(l )Je (' )e il d|

5.6
1 TO(!) (5-:6)

. 1

jo()= >

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
%)= e T, (5.7)

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

given by ,
ie(l) = 912: kBiT it (5.8)
Substituting into (5.4), we have
TO()=191:ZlZl 1o Zé!“’ % Yqdid © (5.9)
2 1 1 kseT ¢ ’
where = + ,and is the difference in the assumed and actual Fermi energy.

Our thermionic source of choice is a large areal(5 mm diameter) LaBh100 (2.69
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Figure 5.6: Detail of LaB thermionic source and Tungsten heater coil for
ducial testing of the energy analyzer.

eV work function) button cathode. Detail of the experimémiaangement 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 g@pmated by a
Gaussian least-squares t with a FWHM of 0.147 eV that is sqbeatly used to correct
measured spectra. The difference in the assumed and aetunal €nergy for this case, is
foundto be =1:705eV. The as-measured, theoretical, and corrected speetshawn in
Figure 5.8. While the Gaussian correction sharpens the l@rggmnise, it does not correct
the shift in the peak value's location. This is because thezshcesolution function bears a
small degree of asymmetry that is not reproduced in the GausAalso, the nite fregency
spectrum used in reconstructing the corrected distributsults in ringing on the sharp,

low-energy side. In Figure 5.8 this ringing has been truedait the rst 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 Figde Jhe test stand can be
operated at UHV pressures and can apply electric elds obup 25 V/ m. 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 t that will be used for deconvolutf measured
spectra is also shown.

Figure 5.8: As-measured, theoretical, and deconvolvedispéom a 1790 K
LaBg 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 measuringsam properties
of DFEAs.

allows arbitrary adjustment of the planarity of the cathede analyzer surfaces during
HV operation. Additionally, the anode carriage holding #ealyzer can be adjusted
during operation to change the anode-cathode spacing. drfaeneters of the DFEA used
in these experiments were selected with the following re@gp The required electric
eld for moderate current operation is 10 V/ m, 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 m from an individual emitter.

The array is then chosen to have a 10@-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 areavsred with electron beam at
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Figure 5.10: 20 20, 100- m pitch DFEA and energy analyzer in teststand
during alignment procedure.

the analyzer's aperture plane. This gives a reasonablepildly of successful alignment,
and with a front-aperture diameter of 5@n, a roughly 60% chance that the analyzer will
examine current from a single tip.

In these experiments the background pressure ranged Sroml0 *° to 2 10 °
Torr depending on the emission current level. The rst atigmt attempt was successful,
and beam current was immediately detected at the colletdotrede. The analyzer was
con gured in an observation mode where the accepted beasntegni ed and allowed to
impact the phosphor-screen collector at high energy. Is thbde, spatial uctuations
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 lled by the beam, suggestive that the acceptahboriginated from a single

tip. In this con guration, the beam may also be focused nlearétarding mesh for ducial
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Ve=-241V 210V -181V

Figure 5.11: Phosphor images produced by focusing the textepamlet near
the retarding mesh. The 50n pitch of the grid can be used for ducial
purposes.

purposes such as estimating the relative importance ofisghand chromatic aberration
in the optical system. Figure 5.11 shows the phosphor siéneage as the beam focus is
longitudinally swept through the retarding mesh. In thisecéhe beam energy was 3 kV,
and the retarding mesh and collector were both held at 1.5M\énV: = 210V, the
beam was focused directly on the mesh. Although complicayeaberration at the focus,
the beam-spot size was estimated a@0-100 m based on the 50 pitch of the mesh.
When a monoenergetic beam is used in simulations, then threatstl 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 afdaany 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 setting suésequently used for
all DFEA measurements. During these measurements it wgsclear if the adsorbate
con guration changed during an energy scan. Typically,\s&egiadsorbate con guration
would persist for between one and twenty seconds. For a ratedstep size of 0.1V,

each scan lasts for approximately 1-3 seconds. As expdbegresence of adsorbates on
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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 sxperimental 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
modi cation of eld emission through resonant tunnelinghi$ was a rapid event in which
the current in the accepted beamlet increased by an ordeagiitnde 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
con guration. For instance, this could correspond to a stotation of the adsorbate's
molecular axis or a progressive migration to regions of aigleld. The presence of
adsorbed species on the emitter can create surface statearéhresonant with certain
electron energies in the emitter's density of states [18, 3his 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 pesiion of the distribution
to lower energies. This suggests that weak spectra with ¢tegitral energies should be
examined as the most likely candidates for origination feoctean emitter surface. In these
experiments, spectra with the most energetic peak posifiorb.5 eV) have corresponded
to the weakest intensities. Figure 5.14 shows unnormabzetinormalized versions of
these spectra. While some adsorbate modi cation is obseivisbvious that all of these
distributions share a single spectral feature: a stron§ 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 disition for thermal- eld
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Figure 5.12: Measured emitted energy spectra from a DFEAratic
Fluctuations in the adsorbate con guration on the emittefaxce cause changes
in the shape and positions of the spectra. Thin lines areioheal spectra and
the thick black and green traces are averaged ov@d0 spectra.

Figure 5.13: Selected adsorbate events; Traces are chgicall beginning at
the index 1. A signi cant transition followed by a gradualfsing of the central
energy (left). A discrete event resulting in an order of magte increase in
the emitted current, a peak shift of2 V, and a narrow energy spread 0f0.4

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

emission is given by [40,41]

0 o €0
it (THB) = T e (5.10)

where
_ qhF .
4t (Yo) 2me

(5.11)

is the emitter's work functionh is Planck's constangj is the electron charge. is the

electron mass, andyy) is given by
t (yo) =1+0 :110%532: (5.12)

The argumenyg is D
F=4

g~ 0. (5.13)

where g is the permittivity of free space. This model may be used tibe purported clean

diamond spectrum once the instrumental broadening has demamvolved. The results

of this t are seen in Figure 5.15. The work function is assdn@ be 5 eV, and the

temperature and electric eld are allowed to vary as ttingrameters. The best tis given
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Fit parameters:
T=767°C
F=5eVv

F = 3.88E9 V/Im

Figure 5.15: The proposed clean-diamond emission speettitimand without
resolution function correction. The corrected trace is ithwa thermal- eld
emission model.

by T =767 CandF =3:88 10 V/m. While there is signi cant joule heating of the
emitter tips during large per-tip current operation (sal’eA/tip), these data were taken at
a per-tip current of 30 nA, so the t temperature seems rather high. Further exyeits
are needed to constrain the valuesTodndF, and to determine. The proposed clean
spectrum is very similar, both in shape and width@.5 eV), to the eld emission spectra
from a nitrogen-containing diamond-like-carbon Im, reped 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 rapidrgéean of adsorbed
species from the emitter surface. Additionally, exibylits being added to provide limited
translational capability for the cathode holder. This wvdtilitate the examination of
multiple emitters, one by one, so that tip-to-tip variadn 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 phagtthby the grating. Smith and
Purcell rst demonstrated SPR in 1953 [43] by using a 1.&7 grating pitch and a beam
of 300 kV electrons to produce radiation in the visible speutrarhe periodic nature
of the scattering surface provides a coherence conditiatimg the emitted wavelength to
the angle of observation in the far eld. This relation, pospd and veri ed by Smith and
Purcell, is given by

L1 cos() ; (6.1)

wherelL is the grating period, the integpis the grating order, is the electron velocity as

Figure 6.1: An electron passing near a metallic lamellatigga

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

(6.2)

A multitude of theoretical treatments of SPR have been pewd which address
incoherent, coherent, and superradiant effects [44-51}his discussion we follow our
previous analysis of SPR and superradiant emission [52]s thieory has been veri ed
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 uence emitted by a single electrorsipgsover the grating is given

by [54]
dPw®  2cR?
dd

BO (1) 6.3)

wherec is the speed of lightR is the distance to the far- eld observation poing, is the
permeability of free space, al®f? (! ) is the Fourier transform of the magnetic eld at the
observation point. Assuming a long grating and ignoringeedgliation and bound surface
modesB ™) (1) is shown to be
Zy 1 cos() - -
B(l) ! — P 9_ e|!-c (R z=)
¢) 2 cR

R
apsinc Z9
2

(6.4)

1 cos()+

|
c PK

p=1
whereZg is the grating length,z is the electron's initial longitudinal position, ardl =
2 =L isthe grating wavenumber. The coef cie@gdepend on the unit vect® (; ), the
electron energy and height above the grating, and the geiepet le of the grating [52].
The argument of theinc function can be recognized as the aforementioned Smitbeur

relation. The eld is maximized for a given frequency when

IE 1 cos() + pK = 0: (6.5)
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and the spectral width of orderis approximately

1
jpi Ng

|
T (6.6)
whereNg is the number of periods in the gratingNf; >> 1then the radiation on adjacent
grating orders is well separated in frequency, and the angylectral uence on ordgy

from a single electron is given by

ew® Z2 1 cos() *._
ad - o 18p) (6.7)
. Zy !'1 cos()
= 74
siné > o pK

ConsiderN, electrons passing over the grating simultaneously withj theslectron

having an initial positionz; ; the total angular spectral uence on order p is then given by

2

deéNe) — deF(’l) X'e e itz j=c . (68)

did did

=1

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 summation isIO N, and the resulting angular spectral
uence is a factor oN, larger than the single electron case. If the electrons aressurated

in a single bunch with length z << c=! then the radiation is emitted coherently and the
angular spectral uence increases by a factoNgfrelative to the single electron case. In
both of these cases the simple proportionality of the amggdactral uence to the single
particle case indicates unchanged spectral and angutebdisns. IfN, electron bunches

are spaced periodically with frequenkythen the phase-factor summation is

(6.9)
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whereng is the number of electrons per bunch agd= 2 c=! , is the bunch separation.
When the number of bunches is large, sharp resonances appbarnaonics of the
bunching frequency, = h!, = 2 hc=z , whereh is an integer. Expansion of the
denominator of (6.9) around these harmonics and subsititirito (6.8) gives
Ne
d?w e I

— 2 . .
T NZsin¢ N p—

T (6.10)

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

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

jpi cK
Ih

cos(p) = 1 : (6.11)

In addition to SPR the grating supports non-radiative suithal 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 supantaSPR is the basis of a

Smith-Purcell free-electron laser.

VI.2 SPFEL Experiments

The generation of superradiant SPR from an SPFEL con gomatvas rst reported
by Urata, et al. at Dartmouth College [5]. The experimentgbaaptus, pictured in
Figure 6.2 [5], was a scanning electron microscope (SEM)thd been converted for high
current operation. Modi cation of an existing SEM is a naluchoice for SPR sources
due to the exible electron optical systems and low emiteibeams that they employ.

This device utilized a tungsten-hairpin cathode and predwc continuous 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 mimnrheam diameter
of 25 m. The theory of van den Berg [55] was used to design gratingsweee
optimized for maximum emission of rst order SPR directedmally 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 theatiath was srongly polarized,
ruling out blackbody radiation from a beam heated gratir@] fs 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 at where ranged from 3-6 depending on the focal settings of the @lactr
optical system. The transition between these two operatigignes was marked by a hard
threshold and was interpreted as the onset of a stimulateskiem 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 waserved 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 modi cation is perhaps thetraogprising 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 oye@adly made Molybdenum
pro lometer. It was found that the beam brightness could banged by an order

of magnitude through the range of accessible currents,ewthié emittance remained

72



relatively constant. The beam was rastered perpendicultietgrating surface producing
a modulated THz output that was detected with a Silicon betemlock-in ampli er, and
oscilloscope. A light pipe was positioned close to the gafor ef cient THz transport
to the system's polyethylene output window. A Iter set wased to con rm 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 of 5
mA. Furthermore, the best performance was achieved wittismiaw divergence beams
even if they contained less total current. While these erpamis produced both linear
and nonlinear emission regimes, it was concluded that tidinearity was due entirely
to blackbody radiation from electron beam heating of thdiggaand 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 reghectron beam energies of 20-40
kV and currents up to 15 mA are achievable with spot sizes emttler of 50 m. 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 to 30 W. These sources are unique in that the grating
assembly has metallic sidewalls which con ne the evandso®edes in the transverse
dimension and aid in the transport of SPR to the output winddwe theory of such
a con ned-mode SPFEL is presented in detail in section ¥ZI.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 threrampli ers and operate
on a convective instability. However, such devices can béeta oscillate by utilizing an
external resonator or, less ef ciently, with parasitic eedections. If the group velocity
at the synchronous point is negative, then the device ggei@t an absolute instability
and may spontaneously oscillate without the assistancavitfyanirrors or end re ections.
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 veage< 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 positivegative, facilitating ampli er
or oscillator operation. The two-dimensional theory ofthevice, including the effects
of losses and end re ections, has been examined in detaih®exponential gain/growth
regime [63—66], and is closely supported by particle-ih-@elC) simulations [65, 67].
Three-dimensional PIC simulations have also been perfdforegratings with and without
sidewalls [68,69]. A two-dimensional numerical treatmefdevice 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 in nitely wide grating (section VI.3.1)J,771]. The primary conclusion
of section VI.3.1 is that some form of transverse mode comeat is required if an SPFEL
Is to be experimentally viable. The theory of such a con medde 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 con ne our analysis to é&x@onential gain/growth
regime. In each case the dispersion relation is calculatiei@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 calculatedhirsynchronous structure
wave. These shifts result in growth or decay of the evangsekehin space and time, and
in this way the electron beam behaves as a gain medium forattiation 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 diffom in the optical beam of a
SPFEL. The approach is similar to that used for the 3-D thebtiie Cerenkov FEL [73].
As expected, three-dimensional effects increase the gagit substantially compared to
the 2-D theory. Furthermore, the dependence of the gairtHesmgbeam current increases
due to gain guiding. We nd that diffraction of the opticaldra in the grating subdivides
device operation into two ampli er regions and two oscitlategions. For the ampli er
and oscillator regions furthest from the Bragg point, whéxe group velocity vanishes,
we nd the inclusion of a fast wave in the physically allowealigions. 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. Iinist known how the required

boundary conditions on the electron and optical beams caatieed in this region.
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Dispersion: In an SPFEL, resonant energy exchange between the eleatam and
bound surface modes gives rise to spatial modulations ibelen density. For an electron
beam energy of 150 kV and the grating parameters of Tabldl&lintensity scale height
of the evanescent wave isx = = 4 40 m, where 0:43is the normalized

: p :
electron velocity, = 1= 1 2, and 10 3 m is the free-space wavelength. We

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

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

anticipate from simple diffraction arguments that the $sgrse mode width is of order

y = g Z—g:2 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 Figurk @Because the elds vanish
exponentially above the scale height, we simplify the tiidxyrallowing the electron beam
to extend to in nity in thex direction. A lling 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 elti®e electron beam resonantly
exchanges energy with only the TM modes longitudinal-eleceld component. Energy
exchange with transverse-electric (TE) modes is of highdgmin the elds and is ignored.
Secondly, because the beam is a perturbation, the modeg altbmogeneous system

should resemble those of the empty grating. The empty gratinn nite width does not

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

ynN

We begin by expressing the elds inside the grooves as Foseges

b3 n .
E@= E©@(xy)cos Nz e it (6.12)
n=0
n ;
HO = H{9 (x;y)cos aze "t (6.13)
n=0

whereA is the groove width, and is the frequency. Each term in the elds must satisfy
the wave equation, which is given in the grooves by

n2 2 12

At @ EX(y)=0 (6.14)

¥

wherer . is the transverse gradient operator. Taking the Fouriesfaam of (6.14) in the
y direction we have

n2 2 !2
@i v A t 3 El9 (x;ky) = 0: (6.15)

wherek, is the wavenumber in thg direction. The solution foE? (x; ky) that vanishes
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at the bottom of the groovédg = H) is

Er(,g) (x;ky) = Er(,g) (ky)sinh[ , (ky) (x+ H)]; (6.16)
where
5 ) n2 2 | 2
n = ky + F ?: (617)

For a TM mode, the componer&? (x; k,) andH{? (x; k,) are related through the

Maxwell equations by [75]

il o2 @
0 (k) = g g En (k) (6.18)

A

Substituting the solution foE Y (x; ky) into (6.18), we get

H 9 (x; ky) = F@ (ky)cosh [, (k) (x + H)]; (6.19)
where
H (ky) = % n (ky) B (ky) : (6.20)
s

Above the grating we expand the elds in Floquet series (sgarmonics) of the form

E( E? (x;y)e PRzl 1) (6.21)

=1
() X () ipKz Hi(kz It)
H® = H® (x;y) e Pz ke (6.22)
p=1
wherek is the longitudinal wavenumbel = 2 =L is the grating wavenumber, ahdis
the grating period. The electron beam is treated as an @otdelectric in its rest frame

(primed coordinates), having an index of refraction givgnii6]

=)

|o

n°(19%=1+ 2019=1 (6.23)

=
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where 2 = 1 2=I® s the frequency-dependent susceptibility, drfis the plasma

frequency in the rest frame. The wave equation above thangrist

e e
r® (k% pK9H*+ 5 5 ERPAY)=0 (6.24)

We note thatk + pK)? ! S:cz, Eée), and the transverse dimensiorgndy, are Lorentz
invariant. In terms of rest-frame variables, the freque'n@xdepends on the wavenumber,
as denoted by thp subscript. Using the parameters of Table 6.1, the plasno@érmcy is
calculated to be of the order 10'° Hz, while the operating frequency is of the order
102 Hz. We then make the approximatibff << (k°+ pK9?c? | & and simplify (6.24)
as

1 2
ri (k+pK)+

= E®(xy)=0 (6.25)

As before, we Fourier transform the wave equatiog and get

Z
@ 2 I 2 e . 1
@—% (k + pK) + ? E‘F() ) (X, ky) + p?

! ék y @ (®) (v-
) dy @_§/Ep (x;y)=0 (6.26)

If we integrate by parts and ignore the discontinuitie@ﬁe):@yfor an optical beam with

X= y<< 1[73], (6.26) becomes

%Eﬁ (X ky) = (k+ pK)?+ K2 ? E (x;ky): (6.27)
The solution that vanishesat= 1 is
EY (x:ky) = Ef? (ky)e ok (6.28)
where
2= (k+ pK)>+ K2 'C—zz (6.29)
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The Maxwell equations relate 2°(x; y) andE{?°(x; y) above the grating by

19,1+ 0 @_

p

(X y); (6.30)

where we ignore & << (k°+ pK‘bzc2 in the denominator. To transforlﬁée)o(x; y) to
the laboratory frame we use

Hpo= HJ+ cDj ; (6.31)

where D0 is the x component of the displacement eld. From the Maxwell-Anger

law we have! JDJ = (k°+ pK9HQ. Combining this with (6.31), and recognizing that
10+ (k°+ pK9 s the Lorentz transformation df, we see thaH{”°(x;y) and
H{® (x;y) are related byH ¥ (x;y) = ,—OH(e)O(x; y). The eld in the laboratory frame

is then
H 0
i! 0 1+ P C2 —@E(e)

H(e) . —
p (X!y) 12 (k+ pK)ZCZ @X p

(Xy): (6.32)

Fourier transforming (6.32) in y, we get

il oC?

(e .
Hp? (X ky) 7 (k+ pK)2C . (6.33)
@ 1
@Er (k) + p=  dye S Deo () -
We simplify (6.34) by using the Faltung theorem to write thi=gral as
1 41
P> dy e« O(y) E(e) (xy) = (6.34)
1
Z
1 l
P Rk K K ER K o ()
wherek? is a dummy variable and the Fourier transform of the susiiiptiis
0 0 1 !gZW=2 (o )y W IS W 0
- ko k= p?'—@ dydl™y p?l—@smc > ky ky © (6.35)
p w=2 p
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When written in terms of lab-frame variablésy=! ¥ becomes

=)

1 2
‘e

3 (k+ pK)P

o

(6.36)

g

This is divergent near the synchronous pdirt ck only forp = 0. For all otherp 6 O

we may ignore the perturbation and rewrite (6.34) as

o it o W
H§o (x;ky) = 2 (E + PR’ p(ky)e POOXE + P05 (6.37)
|1 2 1 W
H . ( ) kO
3(!—eck)2 . dk$S|nC 7 ky k)(,) 0 k)(; Eoe kS e O( y)X

where 0 is the Kronecker delta.
Next we force continuity inE, and H, at thex = O interface. In the grooves

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

b3

E (x =0;k) = EL9 (k,)sinh[ , (ky) H]cos nKz ; (6.38)
n=0
X n

H{@ (x = 0;ky) = K9 (k,) cosh[ , (ky) H] cos X (6.39)
n=0

andontheteettA<z <L)
E (x =0;k,) =0: (6.40)
Just above the gratin§:§e) is given by
R .
E (x =0;ky) = E® (k) € POz: (6.41)
p=1

Setting (6.39) equal to (6.41), multiplying both sidesdyk*PX)Z and integrating over
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the grating period., we get

1R .
EE (ky) = C EL9 (ky)sinh[ o (ky) H]K gn (6.42)

n=0

where
_ (k+ gK)A

Kgn = 1)" g ikrakK)A 9 - 6.43
T (k+ gK)?AZ n2 : O (6:43)

Similarly, makingH, continuous across the= 0 interface within the groove, multiplying

both sides byos %~z , and integrating from O té\, we nd

1+ mo

X
Acosh[ m (k) H] = H () (0 ky) K o (6.44)
p=1

D (k)

We may now substitute expressions (6.20) and (6.38) intd4j6.remembering to

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

% h i
ER ()= Rmn (k) EE (k) + S Ky B (k) (6.45)

n=0

The rst term in the square brackets represents modes agtiriily the empty (no beam)
grating. The second term embodies the modi cation of thosdes by the presence of the

electron beam. The matrix elements are given by

4 Asinh[,(k)]'? M c?
Rin (ky): _
1+ molcosh[n(k)] m(ky)
x (k+ pK) A (k+ pK)A o (Ky)
(k + ngzAZ n2 2(k+ pK)?A2 m2 212 (k+ pK)*e?

(6.46)

p=1
21 ( 1)™cos[k+ pK)A] m+ n=even

Z i D)™sin[(k + pK)A] m + n = odd

82



and

Son kyi E (6.47)

_ W 1 12 ™22 KonKom | 2

ZAL (1+ mo)cosh[m(k)H] m(ky) '2 k2 3[1  ckJ
1

1 dk?sinc % ky kI o Kkl sinh kI H EQ K

y y

Calculations show that the dispersion relation for the goats well described using a
single term(m; n = 0) for the groove elds, provided that we use at least three serm
( 1<p< 1)forthe elds above the grating. We therefore de ne the dispen function
D (5;k;ky) as

D(Lkiky)=1 Roo(hkiky): (6.48)

The dispersion curv® (!;k; 0) = 0, for waves traveling normal to the grooves of the
empty grating described by Table 6.1, is plotted in Figuke élong with a 150-kV beam
line. At the intersection of these curves the phase velafithe evanescent wave and the
electron beam are synchronous, ik = c. Energy in the evanescent mode will travel
along the grating at the group velocity = d!=dk.

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

W 12 1 coskA) I? 1

e (9) —
DOk BT )= Rz 5 kP eoshTolk) HT (k)17 kG

Z,

) W .
1 dk)sinc > ky k) o ky sinh o k) H £ ky

(6.49)

We expect that the gain will be maximal near the synchronoirs ! o; ko; ky = 0) where

D (! 0:ko; 0) =0; (6.50)

o= ck 0- (651)
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Figure 6.5: Grating dispersion curve and electron beamllin® synchronous

pointis!=k = c and the group velocity isq = d!=dk.
Noting that the dispersion function is symmetridiy) we expand as

D(kiky) Dy ! +Dck+Dyk};

where
=1 g
k = k ko;
Ky = ky;
and
D
D: (! orko) = % l'0;Ko; 0);
D
Dk (! 0 ko) = %k(! 0, Ko; 0);
D
Dy (! 0; ko) = % !'o;ko; 0):
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The derivative®, andDy are related by

d_D:O: @D+
@k

@

D@!
I @K

" = Dy+ 4CDi; (6.59)

Q)

where jc= @!=@Is the group velocity. This allows us to rewrite the dispendunction
as

D(,kiky)= Dy (! oCk)+ Dy ki: (6.60)

Becausk, <<k  O(!=c), we can make the approximations

o(hkiky) ook 0)= 'TO (6.61)
and
o(hkky)  o('orko;0) = i%o; (6.62)

near the sychronous point. We also note that

! ck = ! c k: (6.63)

Including these approximations, the dispersion relat®bd) becomes

2 2 =0 w12
(! ck)® D, (! oc k) + Dy ky Ep” (ky) = AL Tg (6.64)
7 !
I 1 wW
0 Oci 0 (9) 1,0 .
tan ?H [1 coskoA)] . dkysinc > ky k, Ep ky :

This result may be compared to the 2-D theory of the SPFELKgdgehe limitasw ! 1

and subsequently evaluatinglgt= 0. In this limit, the sinc function behaves as a delta
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function, selecting out the integrand valuek&t: ky = 0. Evaluaing (6.65) gives

2 3¢ 12 !
- mz—!}tan ?"H [1 coskoA)l;

which matches the dispersion relation for the 2-D theory-f&].

Of more interest is the limit in which the electron beam isysearrow compared to the

mode width. In this caseinc % k, k? 1, and the remaining integral is recognized

2 y
asp Z_EO(Q) (0). The dispersion relation is simpli ed by the substitution

<N
O|0

(! gCK): (6.66)
y

The roots of this equation arek{” and ki’ = ki, which lie in the right half
and left half of the complex plane, respectively. Solvindsgj for E(()g) and inverting the

Fourier transform, we get

2w 12 !
(9) — ‘e ‘0
Eo' (y) = ALD , Tgtan ?H (6.67)
Z .
E(g) (0) 1 e kyy

1 coskoA)] —2—— —_—

[ s Ko )](I ck)? . y kZ+ k2
The integrand has polesiat k§,+) andi k§ Y= k§+) , Which lie above and below

the real axis respectively. The integral is evaluated usomgjour integration and the residue
theorem. Foy > 0the contour is closed in the lower half plane, so the integjramishes
along the curved segment. Integrating clockwise aroundonéour, we nd

3CW 12

()
EO (\) = EY©0) el
0 (y) ALD y 2! g

(' ck)® Kk

tan !?OH [1 coskoA)l (6.68)

The pole in the lower half plane h&® i k§ ) =Re k§, ) < 0; therefore, the eld
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1 1V

Figure 6.6: The number of physically allowed roots changggedding on the
operating point(!; k ). Regions I, I, lll, and IV have three, two, two, and three
roots respectively.

vanishes ay = 1 , as required. Similarly, foy < Othe contour is closed in the upper half
planeandm i ki” =Re k{ > 0, andthe eldvanishesat= 1

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

1

D, 2
(1 ck)? == Ck) = (6.69)
Dy
where
3w 12 o _
rDyTgtan ?H [1 coskoA); (6.70)
h [ 1
and the sign of B—’y( ! k) = = k§, ) is chosen so that its real part is negative.

Calculations show thaD, is negative, irrespective df, but D, changes sign such that
Dy > Onear the center of the Brillouin zorfg=K = 1=2) andDy < 0 towards the edges
of the zongk = 0;K)). This subdivides the dispersion curve into the four digtregions

pictured in Figure 6.6. We now consider the ampli er and bator regimes of the SPFEL.
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Amplier:  When the device operates as a steady-state ampliier= 0 and 4 is

positive. In region Il, the dispersion relation becomes

k? = (6.71)
where
— Dy 2
= =g b, < (6.72)
We nd the roots of (6.71) to be
ko= s5€s"; (6.73)
Similarly, for region I, the roots are given by
k,= sd(sn *5) (6.74)

The solutions from (6.73) are plotted on the complex plarégure 6.7. To relatek and

ky, we rearrange (6.69) as
1 .
) e

k2= (6.75)

Valid roots obey the conditioRe ( k,) < 0, i.e. Re (k?) < 0. For region Il, only two
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

2

s = Im(ky) = S5sin (6.76)
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Figure 6.7: Roots of the narrow-beam dispersion relation.

Im(dk) ¢

Attenuation
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’
<
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Fast waves Slow waves

Figure 6.8: Selection diagram for allowed roots.
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The transverse decay rate of the eld is found from (6.66)do b

k() = B—! TSR FER (6.77)
y
and the corresponding=ewidth of the optical mode is
1
y= Re 2k§ = B—'y g C 2 5CoS S (6.78)

The prefactors of (6.77) are positive real, and upon exatoimave see that the real part of
k$ ) is indeed negative, as required for the elds to vanishat1 .

From (6.76) we see that the gain length and the electron-lbearant are related by
NN YL (6.79)

To understand this result we consider the relationship fprevious two-dimensional
analyses [63—65], given by

1 1 1
2l (6.80)

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

order

Ne —— [ p—: (6.81)

Combining (6.80) and (6.81), we get

SN

/1 (6.82)

1
Zg
The relationship given in (6.82) is simply understood to be manifestation of gain

guiding in the SPFEL. As an example we consider the gratirgy l@am described in
Table 6.1. For this particular grating the Bragg paing = 0) is located atVgragg
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Figure 6.9: Gain coef cient (1/m) vs. beam voltage (V)

126kV. For an operating voltage of 150 kV, the scale height of thenescent wave is
calculated to be x 38 m. To compensate for errors introduced in our assumption that
the beam stretches from the grating top to in nity, we scéle €lectron density by the

lling factor [74]

Fig =€ = e x (6.83)

where he is the height of the beam centroid relative to the grating tapd x =
1=2 ,(0) = = 4 istheintensity scale height for the synchronous evan¢semre. For
this case the lling factor i, 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 pro le of the &leell is given in Figure 6.10,
and thel=emode width is found to be y  4:4 mm. By examining the geometry of this

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

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 endeoftating. This serves as an
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Figure 6.10: Transverse pro le of the longitudinal electeld strength.

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 satis ed in conjunction witle thispersion relation (6.69).
The electron beam must be free of density and velocity meéidula at the upstream end
of the grating, and the input optical eld at the downstreand enust vanish [64, 65].
These boundary conditions are satis ed by interferencenefthree waves that compose
the mode. We nd that while region 1V has three physicallyaled roots, only two waves
are admitted in region Ill. It is not clear how all three boandconditions may be satis ed
without the presence of a third wave. PIC code simulationsat@rovide a clear answer
to this problem since they are in uenced by the nite width tbie 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 eld for all Based on our calculations of gain dilution

by diffraction effects in the ampli er case, it seems unlikéhat functional SPFELs will be
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constructed without some form of mode con nement. This yaewmt is supported by the

PIC simulations of Li [69], which show a signi cant increaisethe oscillator start current.

VI.3.2 Three-dimensional theory of the con ned-mode SPFEL

In the previous section we found that transverse diffracétiects reduce the strength
of the beam-wave interaction. The reduced overlap betwieerelectron beam and the
optical mode effectively dilutes the gain medium and insesathe device's gain length
(ampli er) and start current (oscillator). The competitidbetween gain guiding and
diffraction results in a mode width on the order of severdlimeters. Adding metallic
sidewalls with submillimeter spacing con nes the opticabeshe and mitigates the effects
of transverse diffraction. In this section the theory oftsw@ccon ned-mode device is
presented, including ampli er and oscillator operationheTgeneral approach is similar

to that of section VI.3.

Dispersion: As before, we begin by expressing the elds in the grooves abadve
the grating. In previous analyses it was found that the lbweder longitudinal term, a
constant, was suf cient for describing the groove elds.€eTlelds may then be expanded

as Fourier series in the(transverse) direction as

% h b
E@ = EOsin[,(x+ H)]cos (2r +1) gy e " (6.84)
r=0
h i
H{O = H@cos[, (x + H)]cos (2r +1) gy e It (6.85)
r=0

whereG is the spacing between the grating sidewalls. From the wauat®en we have

2

G

2

2+ (2r +1)? (6.86)
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From the Maxwell equations the coef cients are related by
?Hgg) =il 5 oEY: (6.87)

As before, the elds above the grating can be expanded asiBtagries of the form

X X h i

E(® = Efe ®Xcos (2r +1) =y ePzdle 1) (6.88)
r=0 p=1 G
X X h P

H{® = H®e ®Xcos (2r +1) cy ghkz glkz 1) (6.89)
r=0 p=1

The electron beam is again treated as a relativistic moviagnpa dielectric. The electron
beam's index of refraction is the same as in section VI.3, thedapproximation & <<
(k°+ pK9?c ! Zis still valid. The wave equation gives

2 1 2

2 (2r+1)2§ (k+pK)2+'§:0: (6.90)

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

have
X X 2 h i _
HE & @+1)75 e vrcos (2r+1) gy el ) (6.91)
r=0 p=1
= 9 Er(g) 1 |_?2 (|| rp)e mXcos (2r + 1) ay eIpKz e|(kz It ):
r=0 p=1 p

Multiplying by cos (2s+1) gy e '*9)2 and integrating over the grating width and

grating period, we have

" #
(© 2 2 @ 12X ©
P or=0

Jis describes the coupling between transverse modes, medtatbe electron beam, and
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Is given by

. w .
sinc (r+s+1) rel +sinc (r s)

W
Jrs:E

s (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 simpli ed as
" #
© 2 7 © le X ©
qu (k + pK) g = || 0 Squq W . rq\]rs Erq (6.94)
Matching (6.84) and (6.88) at the = O interface, multiplying bye '(k*a<)z  and

integrating over the grating period, we get

E) = Kgsin[ sH]E{ (6.95)
where
e i(k+gK)A 1
Kq= 6.96
°7 Tk aK) L (6.96)

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

b
HOAcos[H]= L K, Hsp (6.97)
p=1

Combining (6.87), (6.94), (6.95) and (6.97) gives the maggxation

s
DE® = RyEW (6.98)
r=0
where
L X | 2K K
Ds(:k)=1+ —tan( <H PP P 6.99
(k) =1x Ztan(H) o (6.99)

p=1

is the dispersion function for th&" eld component of the empty grating and the matrix
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elements
L !2K0K0 12 ro, Sin( (H)

e

Al2 K22 3(1 ck) s "cos(sH)

Re (11K ) = (6.100)

describe the coupling between transverse orders of the eld

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

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

Figure 6.11 compares the dispersion relation from the tingedsional theory with the
rst three transverse orders of the con ned-mode theoryd@rating 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 correspondg te 0) for the two-dimensional
theory and 4 < 0) for the con ned-mode theory.

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

the form of the eigenvalue equation

%
s=  Tsr ot (6.101)
r=0
where
. = DEWY (6.102)
R
Ty = D—S:: (6.103)
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Figure 6.11: Dispersion relation for 2-D, and 3-D con neddedheories. 30,
34, and 38 kV electron beamlines are included.

The dispersion relation is then

(k) 1=0; (6.104)

This can be solved with a root nding algorithm. To minimizaig dilution, the sidewalls
are separated on the order of the wavelength of the opticdemmn 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 oupling constantsl,s)
forr 6 s are small and the matriRg,, is largely diagonal. In this case the= s =0

mode should dominate the interaction and we may simplifyCtispersion relation as

Do(h;k )= Roo(';K): (6.105)

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

97



point as

Writing Dy in terms ofD, , (6.106) becomes
Do(;k) Dy (! ck) (6.107)

and the dispersion relation is then

! 2 Qoo (! 0; ko)

I 20 =
(1 ck)(! k)= =% D, ([ ko) (6.108)
where
L 12K Ko !2 sin( (H)
|- - = 00 :e_r0 r'tJ.
QST (1k) AI 2 kZCZ 3 SJFSCOS(SH)' (6109)

We now consider the cases of ampli eéro > 0) and oscillato o < 0) operation.

Amplier:  When the device operates as a steady state ampli er, the raxigain

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

K3 = 12 Qoo(! o ko)

32¢3 4D (! 0rko) (6.110)

Calculations show th&qo andD, are negative irrespective of operating voltage. The roots

of (6.110) are then .
12 Qoo(!oiko) 3 iZn

kn= 3 2¢3 o Dy (! 0; ko)

(6.111)

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

P 1
3 12 Qoo(!o;ko) * .

2 3238 4D, (! ko) (6.112)
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Y

Figure 6.12: Roots of the dispersion relation for ampli ereogtion of the
con ned-mode SPFEL.

Figure 6.13: Comparison of the exact and approximate soisifior 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

suf ciently accurate.
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Oscillator:  For oscillator operatiorf ¢ < 0) the boundary conditions on the electron
beam and the radiation eld are discussed in the previoutiasec The electron beam
must be free of density and velocity modulations at the epsirend of the grating, and
the input optical eld at the downstream end must vanish. lgaa guided system, the
optical mode width depends on that particular mode's gdimultiple orders with different
transverse pro les are used to describe the interactiomptications 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 pro le and the boundary tonslimay be satis ed as in
previous two-dimensional analyses [64, 65]. During oatolt operation these three waves
become frequency locked, having the sameHowever, each wave may take on a different
k , interfering with one another to satisfy the boundary ctads at the ends of the grating.
To simplify the analysis we de ne the dimensionless vagabl
326 4Dy (Lorko) ° !

.= — K 6.113
. 2 Qoo(! o ko) c : ( )

3 2¢? oD!(!oiko)% 11
12 Qoo (! 0 Ko) 0

! (6.114)

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

be written in the dimensionless form

Z(; )+1=o0: (6.115)

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

1=, 1=, 1=, =0 (6.116)
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where

12 Qoo(! o;ko) : 2
—_ e 1 —
= e ok 2= P35l (6.117)

is the dimensionless gain. By solving the system numeriéally; 1; »; 3) asafunction

of , we can determine the growth raten ( ! )) and the start current for the oscillator.

Results: The con ned-mode theory may be readily compared with PlCecsichulations
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 nite beam with a circular cross section extending fleyn= 13 mto hy = 57

m while the theory assumes a beam which extends te& 1 . To calculate the
plasma frequency, we use a square beam with the same catgsiakarea as that of the
simulations. A lling factor corrects for the nite naturefahe beam, giving an effective

plasma frequency of
1
eff = Figle= € 2Ny 0o e i 00 2 e (6118)

For the parameters of Table 6.2 the lling factorks 0:5. The simulations also utilize
a strong axial magnetic eld to con ne the electron beam. Thagnetic eld further

reduces the effective plasma frequency by a factolzgfé [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 to #es con ned-mode
SPFEL theory. There were several primary objectives ofeleaperiments: to measure a
non-linear emission regime concurrent with the spectradiroation discussed in section
VI.1, to observe the spectrum of excited evanescent modddpanvestigate the possibility

that a GHz electron beam instability has been responsiblth®oobserved non-linearity
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Figure 6.14: Comparison of the analytic con ned-mode theamth
simulations by D. Li.

thus far. We hoped to con rm lasing (oscillator) in this syst, but were not successful
in this. The grating parameters used in these experimeantgjiaen in Table 6.3. The

experimental arrangement is summarized in Figures 6.15, @nd 6.17.  The grating

Table 6.3: Parameters of the grating used in the collab@ratiperiments with
Vermont Photonics

Grating period| 155 m
Groove width | 51 m
Groove depth | 218 m
Grating length| 7.85mm
Grating width | 500 m

Is bordered by vertical sidewalls that transition into lcamggled wings to improve the
transport ef ciency of THz radiation to the output windowhd primary 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 outputdevn Additionally, a planar

re ector that is optimized for directing superradiant esiis to the output window can
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Figure 6.15: Schematic representation of the Vermont PGS PFEL.
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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 contenthimed with an automated
Michelson interferometer. The achievable spectral reéswius typically 0:2 cm !, and
while the minimum detectable power is1 nW, 30nW is required for accurate spectral
analysis.

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

Figure 6.18: Spectra taken with the collection optics cemteabove the
upstream (solid) and downstream (dotted) ends of the gyafirhe 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 théim&thes = 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 ef cient 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 &mtas the grating center and
the Rayleigh range is approximately half the grating lengdte simulated electron beam
waist at the grating region is shown in Figure 6.20. The et@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 beanfepand we are forced to use
the THz signal as our primary diagnostic. This makes turivegdevice a challenge in that
maximum THz during the alignment procedure does not nedgssalicate the optimum
beam condition for ef cient excitation of the evanescentd@o

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

changed depending on the transverse position of the etebbram in the grating channel.
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Figure 6.20: Beam waist at the Vermont Photonics SPFEL gyaggion as
simulated in POISSON/GPT. Dimensions are given in meters.

Figure 6.21: Spectra taken as a function of longitudinalronirposition
when the electron beam is in the transverse center of thengréeft) and
approximately 100 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.

Figure 6.23: An example of the collected total power maxirhaesved when
scanning the electron beam in the transverse dimension.eWftahy different
pro les were observed, this was the most common.
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Figure 6.24: Spectra taken from the upstream end of thengyaiihe largest
feature of each spectrum is normalized to 1 for comparisé@rT= 0 mode,

13 cm 1, is only observed at 30 kV, possibly due to lower Ohmic losgtes
larger 4 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 dréren more ef ciently 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 collentief ciency with beam position.
Also, for a xed mirror position, transverse scanning of tblectron 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(x;y) scanning
coils, the separation of the two peaks was on the order of 8Bd@hen the mirror was at the
longitudinal grating center. This pro le was less symmefar some mirror positions and
beam conditions and sometimes included multiple shouldérsout a central minimum.

However, as the mirror was moved toward the upstream gratwdgthis transverse pro le
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Figure 6.25: THz emission spectrum (log and linear) foreddht electron
beam energies. The = 1 evanescent mode is dominant, two orders of
magnitude larger than the rst-order SPR (a0 cm ?, not shown).

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

The scattered = 1 mode was observed for three different voltages, 30, 34, &d 3
KV, so that the shift of the synchronous point could be meakuFor 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 spectraanmalized 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 noim@ion ensures that the spectra
may be accurately compared to one another. A comparisoreketihese measurements
and the wavelengths predicted by the con ned-mode theagiven in Figure 6.26. For 30
kV operation we observe the normal Smith-Purcell radiatioweaks = 0 mode signal,

and a stronges = 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 wan®er of the
r = 1 evanescent mode. The error bars represent the spectraesiirtion

evanescent mode and the SPR largely vanish whils thd signal becomes signi cantly
stronger. At 38 kV thes = 1 mode grows dramatically and is the only detectable feature
in the spectrum. Currently, the disappearance ofthédd and the dominance of thee= 1
mode is not understood. However, one possible explanaditimat the Ohmic losses for
thes = 0 mode are more severe; due to its very low group velocity troslenransports
energy upstream very slowly. While this explains the exiorcof mode with increasing
voltage, it does not explain previous results in which she 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 rst 25% of the grating teeth and sidewalls can expegesigni cant damage during
the tuning process from exposure to the electron beam. aiypiargers = 0 signal was
observed with a pristine grating, but this signal tendeditoish 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. Prevexperiments at Dartmouth and
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Figure 6.27: Typical example of the linear and non-linearssion 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 VeninBhotonics device is
shown in Figure 6.27. Initially, this nonlinearity was ttghi to result from the onset
of superradiance. However, superradiant emission is aganmd by modi cation of
the angular power spectrum as detailed in section VI.1. N snodi cation has been
observed in either device. Furthermore, nonlinear emmdgsialways observed irrespective
of the grating geometry, and the beam current threshold risebof nonlinear emission
seems relatively insensitive to said geometry. These sdfaet® were observed for
Cerenkov devices at Dartmouth [77] and the device propentee 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 moduidtiequency lies below the
frequency resolution of the spectrometers that were used, i 5GHz Alternatively, if
the modulation is unstable and uctuates in frequency, ttespectral 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 beam atsmillmust persist until it
reaches the grating region. A simple loop antenna, desifpred 2 GHz, was used in a
rst attempt at searching for this signal. The system waaraged as seen in Figure 6.28.
The grating was left in place so that the beam conditionsireddor nonlinear emission
could be veri ed while searching for the GHz instability. @ mitial 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 stgupcathode oscillations.

VI.5 Design of a DFEA Driven Con ned-Mode SPFEL

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

tightly focused electron beams of no more than 20 mA. ConsldeDFEA based SPFEL
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Figure 6.29: Experimental con guration for a DFEA-SPFELheTtotal length
of the systemis 2cm.

con guration pictured in Figure 6.29. A large area DFEA8 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 2 mm, 400 m 2
mm, and 100 m 1 mm. The grating has sidewalls separated by 1 mm. The magpiasc
cathode area greatly simpli es alignment by ooding a laggea on the anode plate with
current. However, this relaxation of alignment constiicmes with the requirement of
pulsing the emission on microsecond time scales. Heatileglesions with a copper anode
have demonstrated 500 C temperature rise from 5 spulses at current densities of
250 Alcnt [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 foacdigal beam energy.
The beam energy is chosen to be 10 kV for the purposes of thgnd@®sented here. The
primary requirements on the grating geometry are that nsldnental evanescent mode
has a low group velocity at the interaction point (so thatghmm 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 rst
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Figure 6.30: Dispersion curves for the rst three transeecsders 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 oo = 1:084mm, and the rst-order Smith-Purcell band649 m sp 919 m.
The group velocity at the interaction point ig = 0:061c and the scale height of the
s=0modeisl= (=34 m.

Table 6.4: Parameters of the grating used in designing tHeAREPFEL

Grating period| 150 m
Groove width | 50 m
Groove depth | 260 m
Grating length| 1cm
Grating width | 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 follgmimocedure: We de ne an
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Figure 6.31: Cutaway view of the simulated DFEA driven SPFEbrgetry
with an electron beam.

effective interaction strength for an electron passing tive grating given by

(z) = & o; (6.119)

wherex (z) is the height of the electron above the grating surface asetiin of the
longitudinal coordinatez, and g is the scale height of the = 0 evanescent wave.
The parameter represents the exponentially decaying interaction of amescent wave
with the electron as the electron's height above the grasngcreased. This parameter
iIs summed over the entire ensemble at a gizgposition while scanning the focusing
bias. This determines the longitudinal pro le of the efieetstrength of the beam-wave
interaction as a function of the focusing potential. Theaultssof these scans are shown
in Figure 6.32 The optimum focusing strength for this areangnt is determined to be
Vi = 0:58Vheam = 5850 V. The initial electron beam hasandy dimensions of 0.2 mm
and 1 mm respectively. Under these conditiong0 % of the electron beam passes the

grating aperture and 65 % reaches the grating exit. The effective aperture is elé by
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Figure 6.32: Determination of the optimal focusing biasgsan interaction-
strength weighting parameter for each electron. The plthéaight presents
the longitudinal prole of the effective interaction strgth for optimum

focusing,Vy =5:85WV.

the rstlens electrode for the dimension and by the grating aperture for yh@imension.

A side view of the beam's propagation through the device @wshin 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#égnlibat lls the region
Xc P 3 potom X Xc+ P 3 tops Wherex. is the average position of the beam centroid,
and potom and o, are the average values of the rms beam radius above and dedow t
centroid. All positions are measured relative to the gpgitop surface. Fine-pitch DFEAs
are capable of current densities in excess of 250 Afenl0 spulses. 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 conjuncttbrtive grating of
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Figure 6.33: Side view of the electron beam's propagatiooubht 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 siroolafi the DFEA-
SPFEL electron optical system.

Beam width 1 mm
Beam bottom 34 m
Beam top 86 m
Beamcurrent 0  lpeam 350 mA
Beam voltage 10kV

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 i$¢,: = 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 witlsdweond order SPR: = 72

and sp =361 m (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 eladbeam sources has led us
to consider the ultimate limit of brightness, the so-calie@dntum-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 voldaré-dimensional phase space
of h3. Eachh?® of phase space contains a single spin pair of electrons fegarderate beam.
The level of quantum degeneracy in a beam can be written instef the 6-dimensional
brightness (6-dimensional phase-space density as

_ h3Bep h3d®N
~ 2 2dxdp.dydpdEdt

(7.1)

whereNg is the number of electrong,andy are the transverse spatial coordinafgsand
py are the transverse momenk.,is the longitudinal energy, artdis the time coordinate.

In terms of this degeneracy parameter, the normalizedveass brightness is given by

m2c2d*| m2c2¢ V
\ = - a (7.2)
dxdydp.dp, h
where V in the electron-energy spread in eV. The quantum-degenénait, =1, is

then calculated for a eld emitter (V= 0:3eV)tobeBy 3 10 A/m?-str. Figure
1.1 (Chapter 1) displays this brightness limit and the edgoh&rightness from a range
of different cathode technologies. Thus far, specializeld emitters 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 cpidae 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 obsdrusges depends on the emitter
surface area over which the electrons are emitted cohgréntl The coherence time for
the electrons follows from the uncertainty principle andgproximatelyt. = h= E. The
degeneracy is roughly the number of electrons that passighréthe coherence areg
during the coherence tintg, i.e. = (J=0) Act., wherel is the current density.

A more sophisticated and de nitive method of measuring degacy 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 insagnilevels 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 welexs anticorrelations
in electron arrivals at the two detectors, which are plac&tlimwthe beam's magni ed
transverse-coherence area. A measurement of this typeceasperformed on the beam
from a tungsten eld emitter [12]. Weak antibunching wasessfully detected and that
signature was only present when both detectors were caheilemminated by the beam.

The corresponding quantum degeneracy in this case wa$:6 10 4.

121



field emitter

anode

guadrupole
doublet

1 [—
1 [ 1

Electron collecto

multiplier

phosphor scregn

measurement electronics

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 eld emitter.
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VII.3 A Carbon Nano-Tube Based Quantum-Degenerate Electron Beam Soie

We have recently begun a program to develop high-brightales$ron sources capable
of reaching the quantum-degenerate limit. From a pracstahdpoint, 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
signi cant emission uctuations during eld-emission nmascopy 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 adisortlecules or atoms
on the surface of a eld emitter can produce order-of-magiétenhancements of the local
emission current. Typically, the adsorbed species ar@luakigases from the vacuum
system. Depending on the operating conditions, these laaissr 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 brightne@ssgdsorbed 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 eld-emission microscope used to examine these cathmdperesented in Figure 7.3.
Figure 7.4 shows a eld-emission micrograph of a MWCNT whosdamie was cleaned
with a combination of laser irradiation and high-currenégtion.

The underlying covalent structure of the closed-cap ndwis clearly seen in the

form of bright pentagonal rings. Figure 7.4 also demonsgrat transient adsorbate event
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Figure 7.2: An individual MWCNT mounted on a tungsten needle.

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

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

that resulted in a current enhancement of&. 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 synmuneé@am the normalized

transverse brightness is given by

(7.3)

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

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

dm
Py = —G—— G— (7.4)

m m
20V + Lp 2qVp

125



whered is the measured spot diametef, andL , are the mesh-emitter and mesh-phosphor
distances respectively, angl, 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

Lm lcm
Lo | 1cm
Vi | 360V
Vi | 1360V
d 5mm

by L,
Al m Lm L
By = P+ p 7.
N X22qd2 Pvm Vp ’ ( 5)

where x is the emitter size. If the beamlet originates from a singkeoabed atom or small
molecule, then x 10 ° m. For a beamlet current of 6A the brightness is estimated
tobeBy 4 10 A/m?-str. This estimate suggests that the observed beam is/nearl
guantum-degenerate. As seen in Figure 7.4, the effectetintie 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 forssmindegeneracy such as
anomalous spectral broadening at high currents. De eqgtiates near the cathode and

a phosphor on the front of the analyzer will facilitate spaicanalysis of the emitted
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beams from the clean CNT (pentagons) and from the adsorbesespadependently.
The measured energy distributions can be compared to theedrdistributions calculated
by advanced density-functional theory techniques at \Emll¢80]. These calculations
might be used to guide the experimental efforts by quicktyreting current enhancement,
stability, lifetime and emitted energy spread for variotmm@s 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 eld-emitter arrays and their integration with @l®n-beam-driven radiation
sources. These sources include, but are not limited to,ecdimnal 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 teggration into several different
injector types at various institutions. In the work pregehhere, 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-kW
and 1-MW class high-average-power FELs relies on the dpuedmt of high-average-
current injectors. Such an injector using present phohack technology is complicated
by the need for complex and unstable high-power cathode-daiser systems and the
delicate nature of high-ef ciency photocathodes. Compadt FELS require the delivery

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

DFEAs are in a unique position to provide cathode solutiamsrfany of these important

128



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 freet@leensemble is discussed.
In most beams, the electron density in phase space is tot dduwbserve the quantum
effects of degeneracy. However, for the ultra-high-bmgiss beams produced by single-
atom-electron sources, the degeneracy becomes signiazahits effects may be readily
observed. Chapter 7 discussed these concepts in more aetgtaiminary 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 appiicawas to concepts such
as vacuum microelectronics, high-power switching, andntiaé-electric conversion.
Through a fruitful collaboration with the diamond microetl@nics group in the Vanderbilt
University Department of Electrical and Computer Enginagriwe have advanced the
development of DFEAs as free-electron-beam sources. $nctpter 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 dighooated Si devices.
Vanderbilt is currently in collaboration with the Naval Rgsduate school to test DFEAs
in both HV DC and SCREF 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 eld emitters is due printartio the variability of each
emitter's surface-contamination state and variationshm tinderlying 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 emissiamcuand surface electric eld.
Such a conditioning technique for DFEAs was discoveredrathtarized, and optimized
in this work. High-current conditioning has successfultgguced uniform emission from
large numbers of tips while maintaining reasonable turrets. Thus far, per-tip currents
of 40 A have been demonstrated. For high-density arrays4sitch), 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 inclmgedurement and tting of
a focused beam envelope as well the standard pepperpotigaehwhich is used to
determine transverse-trace-space projections of théreteensemble. The experimental
arrangement for a pepperpot emittance measurement of DiRBAgiven. The aperture
mask was specially fabricated from an SOI wafer. This maskeseas the primary
anode in a close-diode arrangement with a23, 20- m pitch DFEA. The measured
divergence of the electron beam corresponds to a normdlizesverse emittance of 10

mm mrad for a uniform beam with transverse dimensions of 1 ¢&mm. This satis es the
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emittance requirements of IR HAPFELs. The experimentalltesre closely supported

by simulations of the emitted beamlet from a single diamomndatip.

Chapter 5: Energy Spread from DFEAs The emitted energy spectrum from DFEAs
can provide insight into the fundamental physics of theercgbn 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 resolutiordtd5 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 ducial megements, the analyzer was
used to measure the emitted spectrum from a DFEA. The arnaymaders were chosen
to provide a high probability of current acceptance fromragla emitter. Subsequent
observations with the analyzer suggest that the accepteehtulid indeed originate from a
single tip. Temporal modulations in the total current andtem spectrum were observed,
and were interpreted as the result of resonant tunneliraugfir adsorbed species on the
emitter surface. These uctuations draw close analogy tsé¢hobserved with carbon-
nanotube eld emitters. It is believed that 5-10 % of the dedtspectra contained the
spectral signature of a clean emitter surface. This supdsed spectrum has a FWHM of

0.55 eV, and it was t with a thermal- eld emission model ugireasonable parameters.

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

SPFEL and similar compact FELs have the potential to Il ayenportant source gap
in the electromagnetic spectrum, the so-called THz gap. ddwelopment of compact,
narrow-band, moderate power THz sources would serve as portamt 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 in nitely wide grating. It was found thaketlkevanescent modes of the
grating are gain guided by the electron beam, resulting iaia ghich depends oh*®
rather than the standatd™ of 2-dimensional theories. The dilution effects of transee
diffraction in the optical beam lower the gain substangiallhis makes lasing exceedingly
dif cult for the case of a narrow electron beam. One solui®to con ne the optical mode
in the transverse dimension with conductive grating sidisw@he theory of this con ned-
mode SPFEL was developed, and subsequenty applied to a@tatle experiments with
Vermont Photonics. The rst observation of higher-trarrseeorder evanescent modes was
reported, and found to be in excellent agreement with theneshmode theory. Lasing of
an SPFEL on an evanescent mode of the grating has yet to ®vadhiFinally, a design
for a DFEA driven SPFEL was presented. Propagation of thetrele beam through this
compact device ( 1in®) was simulated and the resulting beam pro le was used taitatie

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, hwipioduces degenerate
ensembles of photons. Widespread access to quantum-datgeeéectron beams may
open up new frontiers in imaging through techniques suchtaasity 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 selectilegipsit 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 rst through energy spreadsurements, 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 ettiout 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 eld 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 itjgsystems. 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 higisjorepiezo-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 belaped. This
device should be used to check the validity of the con neddm8PFEL theory (also
presented in Chapter 6). Once the source is functional, tigag®ns in biomolecular

dynamics and other elds 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 kalaind lifetime of the
source. Measurements of the emitted energy spread frora #tsorbates may give
indications of degeneracy, such as anomalous broadenitigea$pectrum. After
these preliminary experiments, coincidence measurensragsld be performed
to observe anti-bunching, thus providing an unmistakal@dgederacy signature.
Similar experiments may also be performed with gated diaimeld emitters once

they are operational.

. Quantum-degenerate-electron-beam sources may ndigpmh@pplication in the

elds of high-resolution electron microscopy and high-egdeslectron 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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