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SIMULATIONS OF NANOBLADE-ENHANCED
LASER-INDUCED CATHODE EMISSIONS AND

ANALYSES OF YIELD, MTE, AND BRIGHTNESS∗

J. Mann† , G. Lawler, J. B. Rosenzweig, UCLA, Los Angeles, CA, USA
J. K. Nangoi, T. Arias, Cornell University, Ithaca, NY, USA

Abstract
Laser-induced field emission of electrons from metallic

nanotips has been well studied. Unfortunately, nanotips
suffer low damage thresholds with enhanced fields around
10 GV/m. The nanoblade, akin to a nanotip extruded in one
lateral dimension, may reach upwards of 40 GV/m due to its
robust thermomechanical properties. This increased surface
field promises brighter electron emissions. We perform sim-
ulations of strong-field emissions from metallic nanoblades
via the 1-D time-dependent Schrödinger equation with effec-
tive Jellium and nonlinear collective image charge potentials,
including the strong field gradients induced by the nanostruc-
ture. We measure spectra and yields and compare to recent
experiments. Potential analytical forms of image potential
limited yield for a spectrally rich emission are presented.
Calculations of mean transverse energy are provided as well
as a prospective method of mitigation with the goal of in-
creasing brightness.

INTRODUCTION
The ever-growing field of nanostructured cathodes has

seen applications in electron microscopes [1], ultra-fast (low
energy) electron diffraction [2], and electron guns in gen-
eral [3]. The most common structure, the nanotip, benefits
from an emission area on the scale of 10s of nm. However,
the tip is limited in the peak enhanced surface field that may
be achieved by material breakdown at fields on the order
of 10 GV/m [4, 5]. The goal of increasing brightness may
be progressed by a similar nanostructure. The nanoblade,
which is essentially an extruded nanotip, has superior ther-
momechanical properties to the nanotip while supplying
sufficient field enhancement to be compatible with table-
top lasers. These benefits allow for peak fields upwards of
40 GV/m, and potentially up to 80 GV/m [6, 7] providing
large yields in a space-charge limited regime.

To further understand this photoemitter we perform a 1-D
time-dependent Schrödinger equation (TDSE) simulation
of the metallic surface of the nanoblade including a self-
consistent image potential to model space-charge limited
yield. We are currently working on several methods of calcu-
lating weights for the initial states in this 1-D system to more
accurately coincide with the tunneling capability of each
state in a real material. These weights will be summarized
in a general-purpose material normal energy distribution
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Science Foundation Grant No. PHY-1549132.
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(MNED). But, as this analysis is in its infancy, we will pro-
ceed by using a free electron gas (FEG) model. We provide
two analytical models for the space-charge limited yield,
applicable for spectrally rich emissions. With these results
we estimate two primary mean transverse energy (MTE)
contributions from this emitter. We then propose a method
of improving brightness.

TDSE SIMULATION
We model the metallic surface of the nanoblade by a

Jellium slab with surface potential using Eq. (3) in Ref. [8].
We additionally apply a polynomial smooth spline to vacuum
at the rear of our slab over 100 nm to minimally reflect
retrograde free electrons while maintaining a finite system.

The initial electron states are taken to be the eigenstates
from the bottom of the Jellium slab well (−𝑊 − 𝐸𝑓) up to
the Fermi level (−𝑊). We equate each 1-D state to a slice of
the Fermi sphere to determine its 3-D density contribution.

We include the geometry of our emitter by a mixed 1-D
to 3-D projection model. In the field the effective Hartree
potential (HP) is calculated with the electron density repre-
senting infinitely long cylinders, with radius measured from
𝑅 within the Jellium slab. Within the slab the HP is calcu-
lated as though field electrons are cylindrical and internal
electrons are planar.

The simulation is propagated using the operator-splitting
Fourier method with Strang splitting. The external laser
field is modeled with a spatial profile provided from a finite-
difference time-domain calculation of gold (including the
penetrating field), enhancement factor of about 4, and a
Gaussian temporal envelope.

SIMULATION RESULTS
Running the simulation with the HP yields the electron

density as a function of time shown in Fig. 1. The laser
pulse envelope is centered about 80 fs with a peak strength
of 40 GV/m, wavelength of 800 nm, and pulse full-width
half-max-power of 8 fs. We model gold with 𝑊 = 5.1 eV
and 𝐸𝑓 = 5.53 eV.

Electrons that are ionized propagate towards the upper
boundary with some encountering an image potential turn-
ing point before they are absorbed at the boundary. Some
electrons that escape would encounter a turning point further
on indicating the need for a proceeding simulation to model
the transport far away from the cathode.

Closed trajectories appearing near the surface (𝑥 = 0) at
about 𝑡 = 120 fs are due to reflections from the slab backing.
As these trajectories are confined to the slab and return to
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Figure 1: Time-dependent electron density for a 40 GV/m
field simulation with HP included.

the surface after the pulse is complete they have no effect on
emission statistics.

Some sample spectra are shown in Fig. 2. Both moderate
(20 GV/m) and strong (40 GV/m) field simulations show
suppression due to the image potential in the lower harmon-
ics. This effect is exacerbated for larger fields. We also note
that, without the HP, the peaks in the spectra are spaced by
the laser frequency, 1.5 eV. In the 40 GV/m case this spacing
is preserved for rescattered electrons but stretched to about
3 eV for direct electrons. This showcases the importance of
the HP on the low energy emissions whereas the rescattered
high energy emissions are largely unaffected by escaping
before substantial space-charge is accumulated.

Figure 2: Sample emission spectra from the TDSE with the
HP at 40 (orange) and 20 (purple) GV/m and without the
HP at 40 (blue) and 20 (yellow) GV/m.

Yield curves with and without the HP are shown in Fig. 3.
The associated power laws agree well for the low-field behav-
ior, with a scaling power of about 3.5. With 𝑊 = 5.1 eV and
ℏ𝜔 = 1.55 eV we expect the low field exponent to follow
the photon order of 4, so this is consistent as a moderate-

field result. In the strong-field, beyond the “kink” around
1013 W/cm2, the power law without the HP reduces to about
2.3 via channel closing while the HP result is further sup-
pressed to an exponent of about 1.3.

We expect the power law to approach a linear intensity
relation for strong fields [6]. Further propagating the output
of this simulation in a semi-classical manner to the detector,
using a far-field non-infinite cylindrical charge model, may
result in this linear behavior as we are overestimating the
yield.

Figure 3: Yield curves with (red) and without (blue) the HP.
Power law exponents determined by fits to select data points
are shown.

MODELS FOR SPACE-CHARGE LIMITED
YIELD FROM BROADBAND SOURCES
A straightforward approach to finding a space-charge lim-

ited yield for zero-energy emission is to equate the near-field
ponderomotive force to the collective image potential force.
However, with emissions at several eV, this analysis may not
be applicable, especially around this regime transition.

Instead let us treat the collective image potential as a per-
fect high-pass spectral filter. The image potential will permit
electrons to emit above a threshold and recaptures them be-
low that threshold energy. We generalize by letting the total
image potential be 𝑉 = −𝑁𝜙(𝐼) where 𝑁 is the number of
ultimately emitted electrons and 𝜙(𝐼) is the approximately
constant potential contribution of each electron. We will
consider two possible regimes.

Image Potential Spans the Direct Spectrum
If the image potential remains within the direct part of the

spectrum, < 2𝑈𝑝, then the electron distribution is effectively
exponential. By equating the cutoff energy to the image
potential and comparing the number of electrons emitted we
arrive at the yield

𝑁 = 𝜎(𝐼)
𝜙(𝐼)𝑊0 (𝑎𝜙(𝐼)

𝜎(𝐼) 𝐼𝑏) , (1)
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where 𝜎(𝐼) is the spectral decay rate as a function of the
laser intensity, 𝑏 is the low-field yield power law scaling, 𝑎 is
a scaling factor for the spectrum, and 𝑊0 is the Lambert W
function. Experiments [6] show that yields should tend to-
wards a linear function of 𝐼 whereas this equation approaches
𝑁 = 𝜎(𝐼)

𝜙(𝐼) ln (𝑎𝜙(𝐼)
𝜎(𝐼) 𝐼𝑏), necessitating complicated forms for

𝜎 and/or 𝜙.

Image Potential Spans the Plateau
If the image potential is deep enough that it affects elec-

trons in the plateau we may treat the relevant spectrum as
roughly flat. With this model we get that 𝑁 = 𝑎𝐼𝑏−1𝐸𝑓(𝐼)

1+𝑎𝐼𝑏−1𝜙(𝐼)
with 𝐸𝑓(𝐼) being an effective cutoff energy to ensure finite
total yield. For the strong-field results to match experiments
we require that 𝐸𝑓

𝜙 (𝐼) = 𝐼.

MTE DUE TO SOURCE DISTRIBUTION
Here we will assume that the electrons are sourced from

a FEG. The simulation provides 1-D yield as a function of
the initial parallel momentum, 𝜂(𝑘∥). The MTE may be cal-
culated by summing up the transverse energy contributions
over the Fermi sphere and normalizing by the yield

𝑀𝑇𝐸𝑠 = ℏ2

4𝑚
∫ 𝑑𝑘∥(𝑘2

𝑓 − 𝑘2)2𝜂(𝑘∥)
∫ 𝑑𝑘∥(𝑘2

𝑓 − 𝑘2)𝜂(𝑘∥)
. (2)

Applying this formula to our results provides the MTE
curves in Fig. 4. The MTE ranges from about 250 meV for
low fields to 700 meV near 40 GV/m. Fortunately the MTE
relates to the intensity logarithmically with and without the
HP while yield scales at least linearly, so increasing the en-
hanced intensity still leads to brighter emissions considering
this MTE contribution.

Figure 4: The source distribution MTE with (red) and with-
out (blue) the HP as a function of enhanced laser intensity.

MTE DUE TO SURFACE CURVATURE
Another source of MTE is due to the curvature of the

blade. As the field is not perfectly confined to the apex we

see emissions with eV-scale normal energy spreading over
a large angle. Given an angle-dependent spectrum 𝑓 (𝐸, 𝜃)
the MTE is

𝑀𝑇𝐸𝑐 =
∫ ∫ 𝑑𝜃𝑑𝐸 𝐸 sin2 𝜃𝑓 (𝐸, 𝜃)

∫ ∫ 𝑑𝜃𝑑𝐸 𝑓 (𝐸, 𝜃)
. (3)

In one extreme, with uniform field profiles across the
blade edge and bounded by ±𝜃𝑚𝑎𝑥, we get
𝑀𝑇𝐸𝑐 ≈ 1

2 (1 − sinc 2𝜃𝑚𝑎𝑥) ⟨𝐸⟩0 with ⟨𝐸⟩0 the average
normal emission energy, typically a few eV. We estimate this
MTE to be up to several eV at high fields. Reducing this
MTE and improving brightness would require reducing the
effective angular spread or filtering out larger energies.

Maximizing Brightness for Surface Curvature
Since the plateau cutoff scales with the field strength,

which decreases away from the apex, we may decrease the
emission spread by filtering out lower energy emissions.
Specifically we will filter out electrons below 𝐸0 − Δ𝐸, with
𝐸0 the maximal plateau energy and Δ𝐸 the energy window
size. Expressing the plateau cutoff as a power law of the field,
𝐸0(𝜃) = 𝑎ℰ𝛾(𝜃), and assuming the field profile decays
locally like ℰ(𝜃) = (1 − 𝑏𝜃𝛼)ℰ we get a maximal angle of

𝜃𝑚𝑎𝑥 ≈ ( Δ𝐸
𝑎𝑏𝛾ℰ𝛾 )

1/𝛼
.

Then we overestimate the MTE by assuming the plateau
does not retreat off-apex, plugging these forms into Eq. (3),
and taking the expansion’s lowest order in 𝜃𝑚𝑎𝑥 we get that

𝑀𝑇𝐸𝑐 ≈ 𝐸0
1 + 𝛼
3 + 𝛼𝜃2

𝑚𝑎𝑥 ∝ Δ𝐸2/𝛼, (4)

and with the yield 𝑁 ∝ 𝜃𝑚𝑎𝑥Δ𝐸 ∝ Δ𝐸1+1/𝛼 we get a 6-D
brightness of 𝐵 ∝ Δ𝐸−1/𝛼. As 𝛼 > 0 we will improve
brightness by decreasing our window size. Of course this
will eventually conflict with the intrinsic metallic MTE and
the single electron emission limit. Further work may reveal
an optimal window size. Another possible method may be a
low-pass filter where we only take the lowest energies.

CONCLUSION
We have performed TDSE calculations modeling elec-

tronic emissions from metallic nanoblades illuminated by a
strong pulsed laser. We include an effective Hartree potential
to partially model the collective image charge force of the
emissions to show a transition to space-charge limited yield.
We estimate the intrinsic metallic MTE to be 100’s meV
and the MTE due to nanostructure curvature to be up to
several eV. This may be somewhat mitigated by spectrally
filtering the emissions. Future work includes progress on
the MNED, space-charge models with exchange-correlation
potentials, and post-TDSE classical simulations.
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