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Abstract

Laser induced field emission has become an en-

abling technology for building ultra-low emittance electron

sources for particle accelerators, such as the X-ray free-

electron laser (SwissFEL) under development at the Paul

Scherrer Institut (PSI). One approach consists of a sharp

pyramidal tip with lateral dimensions of a few nanometers,

illuminated by a laser to increase the extracted electron cur-

rent. Another approaches uses conventional cathodes. In

both cases, there are structural details on the nanometer

scale, that determine the interaction between the laser and

the cathode and thus directly the quantum efficiency of the

emitter. On the other hand, much of the tip geometry has

a characteristic length scale on the order of a few microm-

eters. Thus, there is a factor of 200 or more between all

the relevant length scales in the geometry. Such contrasts

place an enormous burden onto any numerical scheme, par-

ticularly w.r.t. widely differing mesh element sizes. We

demonstrate a 3-d full-wave finite element time domain

(FETD) electromagnetic approach to understand the nano-

optical interaction between structure and laser pulse. We

analyze the complete 3-d geometry of a pyramidal field

emission element and use dispersive material models for

modeling metal in the optical region of the electromagnetic

spectrum.

INTRODUCTION

X-ray free electron lasers (XFEL) deliver coherent and

short-pulsed radiation with power and brightness increased

by several orders of magnitude when compared to 3rd gen-

eration synchrotron light sources, for a review e.g. [1].

The development at Paul Scherrer Institut (PSI) targets the

realization of a XFEL (fel.web.psi.ch) with substan-

tial reduction in size and cost of the facility. The most

direct way to reduce length and therefore the size of an

XFEL, is to develop electron sources that produce short

electron bunches with ultra-low emittance and high bright-

ness. Cathodes that utilize laser-induced field-emission are

promising candidates [2, 3, 4, 5, 6]. The technical realiza-

tion of such novel cathode technology is not only relevant
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for realizing the SwissFEL but for other technology appli-

cation areas as well: e.g. namely for sources for electron

microscopes and displays. Considerable effort has recently

been invested into the development of novel cathode tech-

nology with nanometer-sized structural properties. There

are 2 main architectures: (i) the needle cathode, i.e. one

single sharpened tip [3, 4, 5] and (ii) field emitter arrays

(FEA) which are arrangements of field emitters on a peri-

odically spaced lattice [6, 7, 8, 9]. Most of this work has

been on the experimental side and significantly less effort

has been directed into theoretical models. Due to the large

number of design choices, e.g. geometrical shapes, ma-

terial systems, fabrication parameters etc. it has become

increasingly difficult for experimental scientists fabricating

such structures to select the right parameters. In order to ac-

celerate the development of novel, innovative cathode tech-

nology, detailed 3-d and, eventually, self-consistent models

are a prerequisite. Such models will support both the cath-

ode designers and experimental physicists and their users.

They may also be relevant for industrial applications for de-

veloping novel electron sources on tight budgets and strict

time frames.

FORMULATION OF THE PROBLEM
We want to calculate the electric field distribution for the

3-d geometry of a field emitter array (FEA) element with

pyramidal shape, Fig. 1. The pyramid is illuminated by an

incoming laser pulse of central wavelength λ = 532 nm.

The simulated shape is simplified w.r.t. the fabricated FEA

pyramid, Fig. 1, in that we neglect the concave pyramidal

side faces.

METHODS
We use a finite element time domain (FETD) method to

calculate the electric field in 3-d space [10, 11]. The algo-

rithm discretizes the electric field vector wave, aka. curl-
curl, Eq. (1)
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in 3-d space and time using a tetrahedral mesh [12, 13]

where E and J both depend on space r and time t. In

particular, we assume: (i) isotropic, scalar materials; (ii)
non-dispersive magnetic permeability μ; (iii) dispersive di-

electric permittivity of the Drude [14] type, Eq. (2),

εDrude(ω) = ε∞ − ω2
p

ω2 − ıωγp
(2)
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Figure 1: We show the 3-dimensional geometry of the pyra-

midal field emitter element and the parameters of the in-

coming transverse-electric-magnetic (TEM) wave. In the

inset we show a scanning electron microscope (SEM) im-

age of a field emitter array (FEA) element fabricated at the

Laboratory for Micro- and Nano-Technology (LMN) at PSI

[15]. We point at the challenges associated with electrody-

namic modeling; in particular, we mention the wide span

of characteristic length scales involved with the pyramidal

tip: from micrometers at the base to transversal dimensions

at the tip of approximately 5 nm. Thus, a factor of approxi-

mately 200 is to be dealt with in the geometrical discretiza-

tion of the theoretical analysis.

where ε∞ = 1.0 · ε0 is the permittivity at infinite fre-

quency, ωp = 13.8 · 1015 s−1 the pole frequency and

γp = 1.075 · 1014 s−1 the inverse of the pole relaxation

time, respectively. The Drude model usually works best

towards the red and infra-red region of the spectrum [16]

while towards the blue and ultra-violet (UV) region the ad-

dition of a Lorentz type model is required to provide suffi-

cient accuracy; (iv) Ohmic current density jΩ = σE; and

(v) impressed current density J or an incoming transverse

electric magnetic (TEM) wave which are used to source

the electromagnetic problem. In order to truncate the com-

putational domain in a transparent manner we use the 1st

order absorbing boundary condition [12, 13]. Distinct ad-

vantages are associated with a tetrahedral mesh. First, a

number of commercial and open-source mesh generators

have been available for years, e.g. [17]. Second, the tetra-

hedral grid allows for a flexible, spatial discretization of

geometries with a wide span of characteristic length scales

through level of detail (LoD). We use 1st order tangentially

continuous vector finite elements (TVFE), aka. Whitney
basis functions [12, 13], to approximate the electric field

within the tetrahedral element. For assessing the accuracy

of the numerical algorithm we have analyzed 2 analytically

solvable physical problems: (i) the Hertzian dipole [18] ra-

diating into free space and (ii) scattering of a plane (TEM)

wave [19] at a sphere with diameter d = 50 nm whose di-

electric permittivitiy in the optical range of the spectrum is

of the Drude type with gold model parameters [14].

RESULTS AND DISCUSSION
In Fig. 2 we show the 3-d mesh which contains appriox-

imately 240′000 tetrahedra. We have used a sinusoidal car-

rier at a center wavelength λ = 532 nm whose amplitude

is modulated by a Neumann (derivative of the Gaussian)

pulse with σ = 1.64 fs and shifted in time by 6 ns in order

to guarantee a smooth excitation. We use the Courant cri-

terion [20] from the finite difference time domain (FDTD)

method to calculate the time step for stable integration

Δt =
Δx√
3 c0

(3)

where c0 is the speed of light in vacuum. Since the smallest

edge in the mesh has a length Δx = 0.28 nm this requests a

timestep Δt = 0.55 as. We could also have used the exact

criterion given by Jin [13] which is however more compli-

cated to evaluate. Usually, Jin’s criterion requests a smaller

time step and, thus, we choose the timestep Δt = 0.1 as to

be on the safe side. In Fig. (2) we show a cut through

Figure 2: We show a cut through the tetrahedral mesh. The

tetrahedra have been shrunk in order to visualize the dif-

fering characterisctic length scales in the mesh. The mesh

contains approximately 240′000 tetrahedra. In particular,

the elements are much smaller around the tip region when

compared to the base of the pyramid. The TEM wave illu-

minates the pyramid from above.

the computational domain along the yz plane. In particu-

lar, we mention the formation of a electromagnetic hot spot

close to the tip of the pyramidal element, Fig. 3. This iso-

lated zone of increased electric field corresponds to field

enhancement which is caused by plasmonic resonances at

sharp metal tips [14]. It is this very zone of increased elec-

tric field strength which is desired in order to increase cur-

rent extracted by field emission.

SUMMARY AND CONCLUSIONS
We have demonstrated the ability to electromagnetically

analyze, in 3-d space, a pyramidal shape used as an ele-

ment in a field emitter array. We have modeled the metal
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Figure 3: We show a cut through the computational domain

and combine it with a contour plot of the electric field mag-

nitude. We mention the formation of an electromagnetic

hot spot close to the tip of the pyramidal element. This iso-

lated zone of increased electric field corresponds to field

enhancement which is caused by plasmonic resonances at

sharp metal tips.

structure with the Drude model in the optical region of the

spectrum and thus were able to show, qualitatively, an elec-

tromagnetic hot spot forming at the tip of the pyramid. The

dimensions of the hot spot are correlated with the trans-

verse dimension of the tip region. In order to further ex-

plore the extent and intensity of the zone of increased field

strength we will need to build a mesh that is especially re-

fined in the vicinity of the tip region in order to resolve the

physics of plasmonic resonances.

REFERENCES
[1] Z. Huang and K. J. Kim, Review of x-ray free-electron laser

theory, Doi 10.1103/PhysRevSTAB.10.034801, Physical

Review, Special Topics Accelerator and Beams (PRSTAB),

Vol. 10(3), pp. 034801, 2007.

[2] R. Ganter, R. J. Bakker, C. Gough, M. Paraliev, M. Pedrozzi,

F. Le Pimpec, L. Rivkin and A. Wrulich, Nanosecond field
emitted and photo-field emitted current pulses from ZrC tips,

Doi 10.1016/j.nima.2006.06.054, Nuclear Instruments and

Methods in Physics Research, Vol. 565, pp. 423-429, 2006.

[3] P. Hommelhoff, Y. Sortais, A. Aghajani-Talesh and M.

A. Kasevich, Field emission tip as a nanometer source
of free electron femtosecond pulses, Doi 10.1103/Phys-

RevLett.96.077401, Physical Review Letters, Vol. 96(7), pp.

077401, 2006.

[4] C. Ropers, D. R. Solli, C. P. Schulz, C. Lienau and T.

Elsaesser, Localized multiphoton emission of femtosecond
electron pulses from metal nanotips, Doi 10.1103/Phys-

RevLett.98.043907, Physical Review Letters, Vol. 98(4), pp.

043907, 2007.

[5] R. Ganter, R. Bakker, C. Gough, S. C. Leemann, M. Par-

aliev, M. Pedrozzi, F. Le Pimpec, V. Schlott, L. Rivkin and

A. Wrulich, Laser-photofield emission from needle cath-
odes for low-emittance electron beams, Doi 10.1103/Phys-

RevLett.100.064801, Physical Review Letters, Vol. 100(6),

pp. 064801, 2008.

[6] S. Tsujino, P. Beaud, E. Kirk, T. Vogel, H. Sehr, J. Gobrecht

and A. Wrulich, Ultrafast electron emission from metallic
nanotip arrays induced by near infrared femtosecond laser
pulses, Doi 10.1063/1.2924290, Applied Physics Letters,

Vol. 92(19), pp. 193501, 2008.

[7] S. Tsujino, F. le Pimpec, J. Raabe, M. Buess, M. Dehler, E.

Kirk, J. Gobrecht and A. Wrulich, Static and optical field
enhancement in metallic nanotips studied by two-photon
photoemission microscopy and spectroscopy excited by pi-
cosecond laser pulses, Doi 10.1063/1.3095480, Applied

Physics Letters, Vol. 94(9), pp. 093508, 2009.

[8] C. A. Spindt, A thin-film field-emission cathode, Doi
10.1063/1.1656810, Journal of Applied Physics, Vol. 39(7),

pp. 3504, 1968.

[9] C. A. Spindt, I. Brodie, L. Humphrey and E. R. Westerberg,

Physical properties of thin-film field emission cathodes with
molybdenum cones, Doi 10.1063/1.322600, Journal of Ap-

plied Physics, Vol. 47(12), pp. 5248, 1976.

[10] B. Oswald and P. Leidenberger, Electromagnetic fields scat-
tered by subwavelength sized object of Drude Type mate-
rial in the optical region using a finite element time do-
main method, Doi 10.1166/jctn.2009.1109, Journal of Com-

putational and Theoretical Nanoscience, Vol. 6(3), pp. 784,

2009.

[11] B. Oswald, P. Leidenberger and C. Hafner, 3-Dimensional
finite element time domain analysis of an asymmetric near-
field optical probe, Doi 10.1166/jctn.2008.045, Journal of

Computational and Theoretical Nanoscience, Vol. 5(4), pp.

735, 2008.

[12] J. L. Volakis, A. Chatterjee and L. C. Kempel, Finite El-
ement Method for Electromagnetics, IEEE/OUP Series on

Electromagnetic Wave Theory, IEEE, 1998.

[13] J. Jin, The Finite Element Method in Electromagnetics,

Wiley-Interscience, 2nd Ed., 2002.

[14] L. Novotny and B. Hecht, Principles of Nano-Optics, Cam-

bridge University Press, 2006.

[15] E. Kirk, S. Tsujino and T. Vogel, Fabrication of all-metal
field emitter arrays with controlled apex sizes by molding,

Doi 10.1116/1.3151852, J. Vac. Sci. Technol. B, Vol. 27(4),

pp. 1813, 2009.

[16] A. Vial, A. S. Grimault, D. Macı́as, D. Barchiesi and M.

Lamy de la Chapelle, Improved analytical fit of gold disper-
sion: Application to the modeling of extinction spectra with
a finite-difference time-domain method, Doi 10.1103/Phys-

RevB.71.085416, Phys. Rev. B, Vol. 71(8), pp. 085416,

2005.

[17] C. Geuzaine and J. F. Remacle, Gmsh: a three-dimensional
finite element mesh generator with built-in pre- and post-
processing facilities, Doi 10.1002/nme.2579, International

Journal for Numerical Methods in Engineering, Vol. 79(11),

pp. 1309, 2009.

[18] O. Zinke and H. Brunswig, Hochfrequenztechnik 1, Springer

Verlag, 6th Ed., June, 1999.

[19] M. Born and E. Wolf, Principles of Optics Cambridge Uni-

versity Press, 7th Ed., 1999.

[20] A. Taflove and S. C. Hagness, Computational Electrody-
namics: The Finite Difference Time Domain Method, 3rd

Ed., Artech House, 2005.

TUPEC054 Proceedings of IPAC’10, Kyoto, Japan

1846

05 Beam Dynamics and Electromagnetic Fields

D06 Code Developments and Simulation Techniques


