TUPPP10

Proceedings of ICAP 2006, Chamonix, France

Design and Modeling of Field-Emitter Arraysfor a High Brilliance Electron
Source

M. Dehler*
Paul Scherrer Institut, Villigen PSI, Switzerland

Abstract

Electrons emitted via field emission from micron sized
metallic tips have an intrinsically low emittance. Using a
doubled gated emitter geometry, parallel beamlets are pro-
duced from these tips, which can be combined with minor
losses in emittance into atwo dimensiond field emitter ar-
ray to reach the required beam current. The main perfor-
mance degradation of the double gated structuresis due to
the presence of nonlinear transverse forces, which can be
minimized by a suitable non planar gate geometry. The
surface roughness of thetip can give an additional field en-
hancement of 2-3 and strongly influence the emission prop-
erties. This problem is modeled by a new semi-classical
algorithm, which obtains the current densities and momen-
tum distribution by computing the size and shape of the
quantum mechanical potential barrier on the surface. For
synthetically generated surfaces, one seesan increasein the
energy spread to 0.5-1.7 eV. High performance field emit-
ter cathodes require giving rise to nonlinear space charge
forces. to avoid deterioration by space charge forces. The
influence of inhomogeneities in the emission is specially
pronounced, if they are spatially correlated, giving rise to
nonlinear space charge forces.

CONTEXT

To realize compact Angstrom wave length free electron
lasers, electron sources are required with high brilliance
and a ultra low emittance. Only these alow both for low
beam energies and short undulator lengths, dramatically
decreasing the size and cost of such projects. The low
emittance gun project (LEG) at PSI focuses on developing
suitable field emitter arrays (FEA) emitting a total current
of 5.5A with an emittance in the order of 50 nm rad. To
preserve that emittance, the FEA should be operated in a
pulsed DC diode at 250 MV/m, a device, that is also cur-
rently under development at PSI [1]. Numerically mod-
eling all aspects of such a device must be done in steps,
which are described in the following sections.

The first shows the beam dynamics inside the micron
sized emitter itself and presents the way toward an opti-
mized design. For metallic emitters, the surface roughness
on thetips plays an important rolein determining the emis-
sion. To model that, a new semi classical approach has
been developed, which includes the essential quantum me-
chanical effects and obtains field enhancement factors and
momentum distributions Finally, all thisis combined into a
macro simulation to get at the performance of the full ar-
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rays with up to 20000 emitters in a DC gun — first in an
ideal world with zero fabrication tolerances and later also
including inhomogeneities.

INDIVIDUAL EMITTERS

With a FWHM energy width in the excess of 150 meV
[2], field emission is not a process producing ultra cold
electrons. The high brightness and low emittance comes
from the small source sizes. A typical metalic tip, carry-
ingupto 1 mA, will emit from areasin the order of 30 nm.
With the energy spread cited above, this gives an emittance
of afew times 10~'2 mrad.

A peak current of 1 mA is far below the requirements
for free electron lasers, so beamlets from 102 to 10 tips,
arranged in an array over the cathode surface, have to be
combined to reach suitable values. To carry over the low
emittance of the individual beamlet into one for the full
beam, each beamlet needs individual focusing, rotating the
phase space €llipse of the emitted electrons from some-
thing, whichislargein the momentum and extremely small
in radius, into an enlarged and relatively parallel beam.
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Figure 1: Layout of conventional double gated field emitter
and beam tragjectoriesfor a current of 0.5 mA.

This can be obtained by a double gated emitter geome-
try (Fig. 1). The emitter consists of a metallic tip sitting
on a metal substrate. After afirst isolating layer, the gate
layer creates the field extracting the electrons from the tip
and simultaneously defocuses the beam. Together with the
external main accelerating field, a second metal layer, be-
ing at a negative voltage with respect to the gate, refocuses
the electrons into a parallel beam. Thisis also shown in
the trajectories, which have been computed with MAFIA
TS2 [4]. 500 1. A isthe limiting case for this layout, higher
currents lead to beam loss into the focusing layer.

The phase space distribution (Fig. 2) shows strong non
linear focusing forces, which are the most important effect
limiting beam performance. Actually, here the resulting
emittance for a full array is completely dominated by the
blow up in theindividual emitter [3], resulting in abaseline
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Figure 2: Transverse phase space 4 um after focusing iris

emittance for afull cathode of 200 nm rad.

Figure3: Improved design of double gated field emitter and
beam trgjectories at a current of 0.5 mA.

An improved geometry is shown in figure 3. The focus-
ing irisis enlarged and its metallic layer extends partially
into the isolator hole between focus and gate. To create a
parallel beamlet, the focus layer has to be at the same po-
tential asthetip, so that electronshitting the layer have zero
kinetic energy creating no heat up. The onset of focusing
forcesis more gentle exhibiting less nonlinearities. Asthe
trajectories show, currents of 0.5 mA and more easily pass
through the irises. The emittance of the beamlet is strongly
improved from 0.31 nm rad to 0.12 nm rad. Results for the
total beam are presented later in the article.

SURFACE ROUGHNESSEFFECTS

The surface roughness on a metallic tip can contribute
strongly to enhance field emission. Slight edging of the
surface may even be introduced in the fabrication process
to produce that effect. Additiona field enhancements of
8 = 2 — 3 aretypical [5]. Since the loca current density
distribution is not homogeneous, an open question is the
influence of this on current-voltage characteristics and the
momentum distribution.

Typical geometric scales of roughness are in the
nanometer range, which is approximately the width of the
potential barrier, electrons have to tunnel through. Simply
combining the electric field gradients at the emitter surface
with the Fowler Nordheim equation to arrive at the current
distribution will not work.

A full model requires solving the full quantum mechan-
ical problem on an atomic scale, computing the potential
distribution and the localized electron states on the surface
asin[6]. Thegoa hereis an intermediate algorithm, able
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to use measurement data from e.g. secondary emission mi-
croscopy without having to specify everything on an atomic
level and still capturing the essential quantum aspects.

Figure 4: Random surface, color denotes surface gradient
computed for an average gradient of 2 GV/m.

Motivating the algorithm, is, that not the surface gradient
per se determines the current density. The electronsin the
conduction band tunnel into the vacuum through a potential
barrier determined by the work function of the material and
the field distribution. The width of this barrier is the domi-
nant parameter for the probability of the electronstunneling
through and so a'so for the resulting current density. Other
details can be omitted, leading to the following approach:

e Given arough metallic surface 'y asin figure 4, com-
pute the potential distribution for a given external av-
erage gradient E,,,4. I'y is assumed to be grounded.

e Determinethe equipotential surfaceI'; corresponding
to the work function ¢,,. The space between I'y and
I'; isthe potential barrier and we can calculate barrier
widths§(r) onT'y.

o E.rr(r) = ¢u/d(r) isthe effective gradient, used in
the Fowler Nordheim equation to compute the current
density S(r).

e We have now an problem with emission with the
known current distribution S(r) from an equivalent
cathode surface I';.  The emission process is now

modeled with a conventional particle in cell code [4]
to obtain the the momentum distribution.

Figure 5: Equipotential surfacesT'; of 4.2 eV with the cur-
rent density (logarithmic scale in color) for 1 pA (Equg =
1.6 GV/m) and 170 uA (Eqvg = 3.5 GV/m) total current,
as computed for the surface in 4.

Equipotential surfaces are shown in figure 5 and the par-
ticle emission in figure 6. With increasing gradient, the
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Figure 6: Particle distribution during emission for 16 yA
total current (Eq.q = 2.8 GV/m))

width of the potential barrier comesdown and I'; conforms
more and moreto I'y. Only asmall part of the surface ac-
tually contributes to emission, very minor for low currents
and increasing in size, as the field strength goes up.

Table 1. Calculated emission properties (Ng; number of
strongest emission sites carrying 95% of current, o z/meV
energy spread, 3.y field enhancement)

IlnA  Ngs orlmeV Betf
1.0 3 1158 2.7
16.0 4 1760 2.6
170.0 13 1458 2.1
1000.0 24 603 1.7

An interesting result is the variation of current density
with thefield strength. For acurrent of 1 ;. A, defining only
three tiny emission sites is sufficient to describe 95% of
the total current. Asthe gradient and total current goes up,
more and more emittersjoin in going up to 24 sites at 1000
uA. Thisisactually an effect also seen in reality. Compar-
ing the emission to that of a perfectly planar surface, the
field enhancement factor can be calculated, which has the
highest values for minimum current (Tab. 1). The energy
spreads are in the order of 0.5-1.7 eV. To find out, whether
there are current dependencies, more statistics — best with
real, measured surface data — is needed. Nonetheless the
values are in a range, where we do not expect detrimental
effects on the beam.

COLLECTIVE BEHAVIOR

Figure 7: Gun geometry in cylindric coordinates together
with accelerating field.
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Finally wetake alook at the beam dynamicsof thewhole
field emitter array inserted in a DC diode gun (Fig. 7). It
is designed to be pulsed with a voltage of 1 MV giving a
mean accel erating gradient of 250 MV/m.

The smulation code [7] uses an equivalent emission
model for the field emitter array, assuming a charge and
phase space distribution on a planar cathode, which corre-
sponds to that seen after the focusing iris of the individual
emitters. Still the particle in cell simulations require mi-
cron precision leading to mesh sizes of 10% to 10? cells.
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Figure 8: Evolution of slice emittance during emission for
a reduced gradient of 125 MV/m. Shown are cases with
different cathode diameters and array pitch. The idealized
emitter has zero initia emittance.

High initial accelerating gradients are a prerequisite for
agood initial emittance (Fig. 8). Reducing the gun voltage
by afactor two lets space charge forces dominate the emit-
tance growth. Even an ideal field emitter array with zero
initial emittance gives slice emittancesin excess of 100 nm
rad.
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Figure 9: Evolution of dlice emittance during emission
showing the effect of the array pitch (emitter density).

A second point is the influence of the distance between
emitters, the pitch, on the beam quality. As it shrinks, the
number of tips on the cathode increases and the current per
tip decreases. Nonlinear optical effects within the emitter
get less pronounced, so the initial emittance of the beam
fals. Less granularity of the transverse current density at
the micron scale may also lead to less space charge ef-
fects. But given the relatively parallel curvesin figure 9,
this seemsto be arelatively small effect.
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Sochastic inhomogeneities

Fabrication tolerances, impurities, adsorbents all lead to
variationsin the emissivity of field emission tips. A part of
the emitters will emit reduced or not at all, decreasing the
peak current to be obtained by the array. Emitterswill oper-
ate outside their designed working point generating beam-
lets with non zero divergence. Spatially correlated varia-
tions (e.g. dueto fabrication) may produceincreased space
charge effects.

All of this is captured in a stochastic cathode model.
Emission is described by the field enhancement factor 5
with a given mean (10 in the cases shown) and a standard
deviation 0. A second parameter ¢ describes the spatial
correlation between adjacent emitter such that:

cov(B;, B5) = g2elri=ril/¢ 1)

Putting the random ; into the Fowler Nordheim equation
yields a current distribution. A parametrization using sin-
gletip simulations gives corresponding values for beam ra-
dius, divergence and initial emittance. Asymmetries, asin
the alignment between gate iris and tip, are not included,
since they should not occur due to the fabrication process.

Figure 10: Stochastic transverse charge distribution at the
exit of thegun (5 = 1, { = 15um)

Using results from the previous subsection, a FEA with
500 pzm diameter with an array pitch of 3.1 um correspond-
ing to approximately 20000 emitterswas chosen. Figure 10
shows one of the resulting charge distributions, as seen at
the exit of the gun. Apart from the inhomogeneities, the
figure also demonstrates, how the granular structure of the
beam as an array of beamletsis conserved during accelera-
tion.

For all cases except the perfectly homogeneousone (o =
0, ¢ = 0), eight runswith different random seedswere done
to obtain statisticsfor each set of values, resultsaregivenin
table 2. For iid distribution (¢ = 0), we see some increase
with o, which becomes more pronounced for the spatially
correlated cases. Here, nonlinear space charge forces due
to the inhomogeneities dominate the growth in emittance.
A curiosity is the one result with o = 1 and ¢ = 0, giv-
ing an emittance of 47 nm rad. Here, the random generator
produced a distribution with a good rotational symmetry,

Computer Modeling of High Current Effects
Linacs

TUPPP10

Table 2: Slice emittancein nm rad in the bunch center. (Av-
erage field enhancement < § >= 10, o standard deviation
of 3, ¢ correlation length in pm)

o ¢ min(e) <e> max(e)
00 00 68.0 68.0 68.0
1.0 00 96.7 989 103.1
1.0 150 2561 373.0 4694
1.0 50.0 471 2842 4744
20 00 169.7 1750 1836
20 150 3724 4193 4580
20 50.0 2464 4033 5726

even outperforming the homogeneous case. Quite interest-
ing, but not an effect to bereliedon ...

CONCLUSIONS

Double gated field emitter arrays are interesting candi-
dates for high brilliance electron sources. Nonlinear trans-
verse forces are dominating the performance of theindivid-
ual emitter and require special geometric layouts. In order
to model the effect of the surface roughness at the emit-
ter tip on the beam quality, a new semi classical algorithm
is presented. First results with synthetic geometries show
a yet manageable increase in the energy spread, a result,
which has to be confirmed with more simulations.

Within a high gradient DC gun, the low emittance beam
generated by the full array can be preserved during acceler-
ation. Still the emittanceishighly sensitiveto spatially cor-
related inhomogeneitiesin the current density due to non-
linear space charge forces.
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