This article has been accepted for publication in IEEE Transactions on Electron Devices. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TED.2024.3351096

LLOG() GENERIC, VOL. XX, NO. XX, XXXX 2023

Simulation of short pulse photoemission in
a micro-diode with implications for
optimal beam brightness

Hakon Orn Arnason, Merpber, IEEE, Kristinn Torfason, Andrei Manolescu,
and Agust Valfells, Member, IEEE

Abstract— Molecular dynamics simulations, with full
Coulomb interaction are used to model short-pulse photoe-
mission from a finite area in a microdiode. We demonstrate
three emission regimes, source-limited emission, space-
charge limited emission for short-pulses, and space-charge
limited emission for the steady state. We show that beam
brightness is at a maximum during transition from the
source-limited emission regime to the space-charge limited
emission regime for short pulses. From our simulations it
is apparent that the emitter spot size is an important factor
when estimating the critical charge density for short-pulse
electron emission, and that that simple capacitive models
may considerably underestimate the total charge emitted.

Index Terms— Brightness, Photoemission, Space-charge
limited.

[. INTRODUCTION

Short pulse electron beams are important in many appli-
cations, e.g. high power microwave sources for hundreds of
GHz and THz [1], time resolved electron microscopy [2], [3],
and free electron lasers [4]. Ideally these bunches should be
coherent and have high current, a characteristic which can be
quantitatively measured in terms of the beam brightness. In
this paper we use the following definition of average brightness
from Reiser [5],
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where 7 is a geometric constant equal to 2/72, I is the current
along the beam direction, z, and ¢, are the emittances in the
transverse directions, x and y, describing the lateral spread of
the beam in the phase space [6], [7], which are expected to
be equal for a beam with transverse symmetry.

High current and low emittance are somewhat competing
goals, as high current beams are subject to space-charge forces
that lead to increased emittance and also because high cur-
rent generally implies high electron density near the cathode
that leads to increased scattering and consequentially higher
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emittance [8]. This trade-off between current and emittance
suggests that an optimal value of brightness exists. In fact,
this has been observed for pulsed photoemission, both experi-
mentally [9], and from simulations [10]. Optimal brightness
is not limited to pulsed photoemitted beams. For instance,
it has been observed in simulations of thermal emission in
microdiodes, that optimal brightness is obtained during the
transition from source limited emission to space-charge limited
emission [11]. The work presented in this paper was initiated
as a study of the corresponding transition to space-charge
limited photoemission from a planar cathode.

For that purpose we use a high-fidelity molecular dynam-
ics code we have developed, called Reykjavik University
Molecular Dynamics for Electron Emission and Dynamics
(RUMDEED) [11]-[13], including discrete particle emission,
scattering, and space-charge effects on electron emission and
propagation, to model the physics of electron beamlets near
the cathode. This includes emission, propagation and effects
on parameters such as pulse charge, emittance, and particularly
brightness. We investigate the transition from source limited to
space-charge limited emission and show how optimal bright-
ness can be obtained with regard to nonlinear physics in the
vicinity of the cathode.

There are a number of sources of emittance growth that can
diminish the brightness of a beam as it propagates through a
device due to effects such as misalignment of focusing and
accelerating components, beam mismatch, nonlinear forces,
etc. [5]. However, it is useful to look carefully at what is
happening at the cathode and in its immediate neighborhood
for a better understanding of ultimate limits to brightness.
The purpose of this paper is to isolate space-charge and
discrete particle effects on photoemission of electrons and their
propagation in the immediate vicinity of the cathode, how the
transition from source limited emission to space-charge limited
emission happens, and to show how that affects the beam
brightness. To do so we use a model that does not incorporate
cathode temperature, surface protuberances, or variable work
function on the cathode surface. We will also compare our
results on the transition from source limited emission to space-
charge limited emission to commonly used models [14].
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[I. METHODOLOGY

In this paper the molecular dynamics computer simulation
(MDCS) method is being used to investigate how the electron
beam evolves with regards to emitter size, width and amplitude
of the photon pulse, and applied potential. The MDCS method
is well suited for a system with a relatively small number of
particles. It is based on a grid-free approach to calculate the
forces acting on individual electrons in the diode gap and the
local electric field at the point of emission for each electron
introduced into the system. This is done by calculating the
electric field due to each electron in the gap, and by use of the
method of images for calculating induced surface field. This
method ensures a self-consistent calculation of forces acting
on electrons and highly resolved space-charge effects. This
approach is uniquely well suited to model discrete particle
effects, which have been shown to be of great importance in
describing the physics of electron emission and propagation
in the immediate vicinity of the cathode [15]. Our system is
an infinitely wide vacuum diode, with the anode-cathode gap
spacing denoted by D, zero voltage at the cathode, and applied
voltage V at the anode. The emission area is a disk with
radius R which is smaller than D. The work function of the
emitter ¢ is uniform over the area and equal to average energy
of the photons. This choice is made to avoid heterogeneous
work function effects that could complicate the analysis, and
to minimize the effects of initial emission velocity. Thereby
we aim to isolate space-charge effects from others. We are
effectively looking at a situation where the laser energy is
matched to the work function.

The photons in a pulse have energies E, with a Gaussian
distribution, with average (F) = hw, and with a very small
standard deviation o, < hw. The number of photons N within
the pulse have also a Gaussian distribution, but as a function of
time. The time is discretized in small steps d¢, the full width at
half maximum of the pulse is 2oy time steps, and in practice
the total duration of the pulse 7, is assumed equal to 160Nt
outside of which no emission is allowed.

The electrons are emitted with the initial velocity v,q,
corresponding to the excess energy transferred by the incoming
photon and the emission occurs in the direction normal to the
surface of the emitter,

V20 = V 2(E - ¢)/m ’ 2

where m is the electron mass. The dispersion of v.y, due
to the small dispersion of the photon energy, is obviously
also small. The number of emitted electrons is a function of
time, and it follows the Gaussian photon pulse. At each time
step the theoretical (or virtual) number of electrons that could
possibly be emitted is modeled as a Poisson random variable,
with an expected value given by the quantum efficiency (QE)
multiplied by the number of incoming photons during that
time step, which in fact is the average number of emitted
electrons in the absence of an electric field and space-charge
effects [16]. Although the pulse duration is short, below 1 ps,
we neglect possible multiphoton emission events. In our nu-
merical implementation the pulse intensity is described by the
amplitude of the virtual electron pulse emitted by the cathode
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Fig. 1. Simulated vacuum diode system model, circular emitter area
with radius R, gap size D is 2500 nm and applied potential V'.

(i.e. the mean value at the middle of the pulse), which is an
input parameter that we refer to as the scaled laser amplitude.
With scaled laser amplitude of 1.0, the intensity corresponds
to 1.5SMWcm™ to 6.1 MW cm™ depending on emitter size
and assuming 100% QE, this would of course increase with
lower QE. This amplitude is high in real terms, however, in
the interest of simulating space-charge limited effects in a
computationally efficient and statistically significant manner,
this is done intentionally and does not obfuscate the relevant
physics.

The mechanism of electron ejection from the cathode in-
cluding the space-charge effect due to the already emitted
electrons is implemented in our code and was used in pre-
vious work [13], [17]-[21]. This is done with self consistent
Schottky barrier lowering effect at the point of emission [22].
The next step of the simulation is to calculate the net forces
acting on every electron due to the direct Coulomb interaction
with the other electrons in the system, including the image
charge partners outside the boundaries of the simulation box,
and the applied electric field. The first order” (or primary)
image charge is present in both the anode and cathode. In
previous work on similar systems we have run simulations
with additional image charge partners due to image charge on
an opposite electrode, and there is no noticeable difference
in results. Therefore we only include first order image charge
partners to minimize computational time. From this we calcu-
late the electron propagation. The total, instantaneous current
through the diode is calculated using the Ramo-Shockley
theorem [23], [24]. In order to observe the effect of pulse
relatively to the entire system size, we normalize the pulse
width 7, with the transit time of a single electron from the
cathode to the anode,

T=D/— 3)

qv’

yielding 7, = 7,/7, or

160’N5t Vq
L= 4
i D 2m @)

Thus, if the duration of the laser pulse is equal to the time it
takes for a single electron to be accelerated from the cathode
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to the anode then 7, = 1. Note the voltage dependence of
the scaling factor. The reader should be mindful of it when
examining Fig. 4, Fig. 5, and Fig. 7 which compare curves for
dissimilar voltages.

In the interest of calculating the brightness defined in eq. (1),
we use the maximum value of the Ramo-Shockley current,
and the statistical emittance (due to multiple elastic scattering
between electrons that are placed at the cathode using a self-
consistent emission model [11], [13]), appropriate for our
computational approach [25],

€x = \/(22)(27?) — (xa')? o)

with 2 denoting the position and 2’ = dx/dz = v, /v, being
the deviation angle of the particle in the z direction. The
angular brackets represent averages over all electrons when
they cross the plane of the anode. The corresponding similar
formula is used for the y direction. Since the Ramo current is at
maximum when the electron bunch reaches the anode, this is a
consistent measure of the brightness in the plane of the anode
such as one might have in a physical experiment. Similarly,
the measurement of emittance is not instantaneous but is taken
by recording the transverse position and deviation angle of
all electrons in the bunch as they cross the anode plane,
corresponding to use of a perforated plate and fluorescent
screen.

The numerical values of the parameters used in the sim-
ulations are: The radius of the disk-shaped emission area
of 125nm, 187.5nm and 250nm; the distance between the
cathode and the anode D = 2500nm; the anode-cathode
potential difference of 50V, 75V and 100 V; the simulation
time step 6t = 0.25 fs with the total running time of 15 ps; the
center of the emission pulse 5 ps with scaled laser amplitude 1,
2.5, 5 and 10, the average number of electrons at emission peak
and pulse width from 4 fs to 4000 fs; mean energy of photons
4.7 eV with a standard deviation of 0.02 eV; the work function
of the material was chosen to be 4.7 eV, approximating copper
as cathode material.

[1l. RESULTS AND ANALYSIS

We begin by looking at the current induced in the diode as
a function of time, as shown in Fig. 2. Here we see different
values of the pulse width, 7,,, while the gap voltage is fixed
at 75V, and the emitter radius and scaled laser amplitude
are held constant as well. Recall that the peak of the laser
pulse is located at time ¢ = Sps, and note that the transit
time for a single electron across the diode gap for the given
voltage is 7 = 0.97ps. In the case 7, = 20 fs, emission
is source limited and the charge is emitted in a tight bunch
at approximately 5ps. This bunch of charge is subsequently
accelerated across the gap by a nearly constant applied electric
field, resulting in an induced current that grows linearly with
time until the foremost electrons in the bunch are absorbed by
the anode, at which time the induced current begins to drop
due to absorption of charge. The convex growth of the Ramo
current seen in the magnified section of Fig. 2 is due to charge
being added to the electron bunch. In the case of 7, = 400fs,
emission is space-charge limited (as will be presented below
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Fig. 2. Temporal profile of induced current for two different laser pulse
widths (400 fs in blue, and 20 fs in red, laser pulse is darker). Gap voltage
is 75V, emitter radius of 250 nm, scaled laser amplitude of 10. Dashed
and dashdot lines indicate when first and last electrons cross anode.
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Fig. 8. Temporal profile of induced current for a number of different laser
pulse widths ranging from 20fs to 4000 fs. Gap voltage is 75V, emitter
radius of 250 nm, scaled laser amplitude of 10. The lowest peak current
is on the trace for smallest pulse width. The circle surrounds peaks of
traces for pulse widths ranging from 120 fs to 400 fs.

for Fig. 4 for a normalized pulse length of approximately
0.4 at 75 Volts) and begins slightly prior to the 5ps mark
but nonetheless manifests as a bunch of electrons that are
accelerated across the diode gap leading to linear growth of
the induced current in time until the leading electrons are
absorbed at the anode. From the figure it is apparent that the
bunch length is greater for the wider laser pulse as would be
expected.

As the width of the laser pulse is increased so as to exceed
the transit time across the gap, we see a transition in the
current profile as a function of time when looking at Fig. 3.
For long values of the pulse length the rise in the current is no
longer linear, as one would expect for a short electron bunch,
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but has a steadily increasing gradient due to the fact that the
number of electrons being emitted from the cathode increases
gradually with time. We also observe a plateau in the current
which occurs once the diode gap has been filled with a steady
current. This plateau corresponds to the steady-state space-
charge limited current in the diode. The conventional analysis
of the Child-Langmuir is independent of time [26] and thus
is useful for comparison with the steady-state space-charge
limited current.

Before looking in more detail at how the normalized pulse
length affects the current it is worthwhile to look at some
common models for analysis of space-charge limited emission
from finite area emitters and for short pulses. Lau [27] devised
a simple and elegant theory for steady-state space-charge
limited current from a finite emitting area which was later
extended by Koh and Ang [28]. From Koh and Ang’s work
it is expected that the current density from a circular emitter
of radius, R, and diode gap spacing, D, when the emission
energy is negligible should be:

D
Jop = Ji 1+ — 6
2D CL( + 4R> ) (6)
where Jcp, is the classical Child-Langmuir current for an
infinite planar diode, given by

g A 2 V2
From this we may calculate the expected steady state current
in our system

- ™ 2q 3/2 4R2 R
IQD—950\/mV (D2 +D . ®)

This would correspond to the steady-state Ramo current in
our simulations. Note that, although eq. (8) assumes vanishing
emission velocity, it can be used as a comparison for our
results where the initial velocity is inconsequential.

For short-pulse emission a one-dimensional model (assum-
ing a planar diode of infinite extent) predicts that for a pulse
of constant injected current of duration 7,y1se there is a critical
current density, Jg;i¢ that is the maximum allowed to ensure
that a virtual cathode does not form. In its simplest form,
where the bunch of charge is approximated as a single sheet,
this critical current density is given by [29]

6(]V
7-pulsel)

(7

Jcrit = (9)

This model essentially assumes that for a short bunch,
approximated as a single sheet, a virtual cathode will form
when the surface-charge density of the sheet is equal to
the surface-charge density of the cathode surface due to the
applied electric field, namely o = ¢9V/D. The approximation
that, under space-charge limited conditions, the charge may
considered to be a single sheet, of the aforementioned surface
charge density, transiting the gap in the appropriate time, is
called the capacitive model and has been used successfully
to derive the classic Child-Langmuir law [30]. The capacitive
model for charge density has also been used for analysis of
short beam bunches of finite diameter [9].
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Fig. 4. Induced current vs. normalized pulse length for three different

gap voltages: 50V, 75V and 100V, 250nm emitter radius with curves
for scaled laser amplitudes of 5 (blue) and 10 (red). The current from
eqg. (8) is represented by the horizontal dash-dotted lines for 50V, 75V
and 100 V.
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Fig. 5. 50V, 75V and 100V, 250 nm emitter for scaled laser amplitude
of 5 (blue) and 10 (red). The CL limit from eq. (8) is drawn in black for
the different gap voltages.

Let us now look at the current as a function of the width of
the laser pulse. Fig. 4 shows how the maximum value of the
induced current varies with the normalized pulse length (the
ratio of the laser pulse width to the transit time of a single
electron across the diode gap). We note that for very short
pulse width the maximum current increases proportionally
with the normalized pulse length. This is indicative of source
limited emission where charge can continually be added to the
diode gap in proportion to the rate of photoemission and pulse
duration. The growth rate is independent of applied voltage but
dependant on the scaled laser amplitude. For slightly longer
pulses, that are nonetheless short compared to the transit
time, the accumulation of space-charge is sufficient to block
further emission of photo-electrons and the current reaches
a plateau indicative of space-charge limited emission. This
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Fig. 6. Total charge vs. normalized pulse length for scaled laser Fig. 7. Total charge vs. normalized pulse length for three different

amplitude of 1, 2.5, 5 and 10. Gap voltage of 75V, 250 nm radius emitter.
The lowest amplitude (black) will not reach the space-charge limit before
saturating the gap with constant current.

current limit is determined by the applied voltage, but note that
for lower scaled laser amplitude a greater normalized pulse
length is needed to reach the critical amount of charge in the
electron bunch. We can also see that the space-charge limited
current is somewhat higher than that predicted by eq. (8). The
space-charge limited current observed here corresponds to the
maximum current shown within the circle in Fig. 3 for laser
pulse width ranging from 120 fs to 400 fs. In Fig. 5 the abscissa
has been extended to show values of the normalized pulse
width that extend beyond unity. From this figure we can see the
transition from the plateau that corresponds to space-charge
limited current for a short bunch to another, higher, plateau that
corresponds to the space-charge limited steady-state current.
Here the steady-state, space-charge limited current is consid-
erably higher than predicted by eq. (8). It has previously been
observed [20] that the steady-state space-charge limited current
from microscopic emitters can deviate considerably from what
is predicted by the simple 2D Child-Langmuir law, due to the
relatively high contribution to the current from the edge of
the emitting area, the so-called wing-structure of the emission
profile [31], [32], transverse beam expansion, and discrete
particle effects. Hence, the underestimation of eq. (8) for the
steady-state, space-charge limited current is not unexpected.
What may seem unexpected, in light of previous work on
short-pulse emission, is that the space-charge limited current
for a short pulse is less than the space charge-limited current
for the steady-state. This is not a discrepancy.

In part the explanation lies with the fact that in the previous
work on the short-pulse space-charge limit we are looking
at the maximum injection current allowed so as not to form
a virtual cathode over the duration of a given pulse length,
whereas in our model we are looking at the induced current
(which is due to the transit of the critical bunch of charge,
once formed, across the diode gap). Thus the inverse scaling
of the critical current with pulse length is not appropriate for
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voltages. 50V, 75V and 100 V, 250 nm emitter, scaled laser amplitude of
5 (blue) and 10 (red). Increased voltage affects the space-charge limit
with respect to pulse length while slope is related to amplitude. Note
that due to the voltage dependence of the scaling parameter for pulse
length, a direct comparison can not be made between the slopes of the
curves for dissimilar voltages in the source limited regime. If the plots are
shown for un-normalized pulse length, the slope of the curves is purely
dependent on laser amplitude.

our purpose. However, the reason that the space-charge limited
current in the steady-state is higher than that of a short bunch
has a physical reason associated with the mechanics of space-
charge limited current from a microscopic emitter, as will be
described when the total charge of the pulse is examined in
the following paragraphs.

Since it is apparent that, for short pulses, it is the single
sheet model that is most appropriate, we now turn our attention
to the amount of charge in the electron bunch as a function of
laser pulse width for different values of scaled laser amplitude,
emitter area and gap voltage. Fig. 6 shows how the scaled laser
amplitude affects total charge as a function of the normalized
pulse length. Greater scaled laser amplitude corresponds to a
higher rate of photo-electrons being produced at the cathode.
The space-charge limit shows up as a plateau in the total
charge in the pulse. For low scaled laser amplitudes the space-
charge limit can not be reached, whereas it is obtained at
shorter pulse lengths for larger amplitudes.

From Fig. 7 we can see how the gap voltage affects the
total charge. From the simple, single sheet model where the
charge density of the sheet is given by ¢ = £gV/D, and the
emitter radius is 250nm we would expect a total charge of
0.035fC, 0.052 fC, and 0.070 fC for gap voltages of 50V, 75V
and 100V respectively. The measured charge is 2 to 3 times
higher. The reason for this difference is that the estimation
for the charge density of the sheet does not take into account
the effects of limited emitter area that are implicit in the 2D
Child-Langmuir law. Note for instance that the space-charge
limited current density from eq. (8) with values of R = 250 nm
and D = 2500nm is 3.5 times higher than the space-charge
limited current density for an emitter of infinite extent. From
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10 scaled laser amplitude in blue and red respectively. Emitter size
increases the space-charge limit while again the slope of the source
limited regime is related to amplitude.
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Fig. 9. Brightness versus normalized pulse length for different scaled
laser amplitudes. 75V gap potential, 250 nm emitter radius: The bright-
ness peak shifts to the left, shorter pulse width, as the amplitude
increases. Black, brown, blue, red, correspond to 1, 2.5, 5 and 10 in
scaled laser amplitude respectively.

the capacitive model we would anticipate a linear relationship
between the critical charge and the gap voltage, but, in fact
the charge increases at a lower rate with voltage, e.g. the total
charge for the pulse at 100V is only 60 percent greater than
the total charge at 50 V. We do not have an explanation for
this.

Next we look at how the total charge is affected by the
radius of the emitting area. We see a linear rise in the pulse
charge with pulse length until a plateau due to space-charge
limitation is reached. For the single sheet, capacitive, model
we anticipate that the charge at the plateau scales with the
area of the emitter (the emitter radius to the second power).
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This is not the case as the current from the 250 nm radius
emitter is roughly three times as high as that from the 125 nm
radius emitter, rather than four times higher as might be
expected for a single sheet of uniform charge density. This
can probably be explained by the fact that edge emission
has a larger contribution to the total charge for the emitter
of smaller radius. We also note that for larger values of
the normalized pulse, the total charge increases again as the
transition from the single-sheet regime to the steady-state filled
cathode regime begins. Recall that the steady-state space-
charge limited current is greater than that anticipated by eq. (8)
due to a large fraction of the emission coming from the
edge of the emitter and due to transverse expansion of the
beam [20]. This effect becomes more prominent as the ratio
Z./ R increases, where Z. denotes the elevation of the center
of charge above the cathode and R is the emitter radius. As a
result of this, the steady-state current transition to the space-
charge regime for larger area emitters begins when the beam
bunch has propagated further along the diode than for smaller
emitters. Hence, the transition between regimes occurs earlier
for smaller emitters.

Finally, we turn our attention to the brightness of the
electron beam. We look at the data underlying Fig. 6 and plot
the brightness of the beam as a function of the normalized
pulse length for different values of the scaled laser amplitude.
This can be seen in Fig. 9 and Fig. 10 where a peak value
of the brightness is apparent. The peak value is roughly
constant, though the peak becomes sharper as the scaled laser
amplitude increases. Our simulations show, for the parameter
range being studied, the brightness is at an optimum at a
point when total charge has not yet saturated. This optimum
is due to the competing effects of the current growing with
total charge emitted, and the emittance growth which is caused
by electron-electron scattering and bulk space-charge effects
which increase with the electron density at the cathode.

IV. SUMMARY AND CONCLUSIONS

Using MD-Simulations we examined the transition from
source limited emission to space-charge limited emission in
photo-emitted electron beams in a microscopic diode for
different values of laser pulse width, intensity, emitter area
(or spot size) and accelerating potential. We found that the
conventional capacitive models of short-pulse electron bunches
may considerably underestimate their total charge due to
neglecting two-dimensional space-charge effects. For a given
scaled laser amplitude, we observe the current characteristics
to vary with the pulse length of the laser: For very short pulses
the total charge may not be sufficient to cause the electric field
at the cathode to vanish, and the current is source limited; for
greater pulse-lengths (and sufficient amplitude) field reversal
may occur prior to the first electrons transiting the diode gap,
which manifests as short-pulse space-charge limited current;
and, finally, for long pulses (and sufficient amplitude), the
field at the cathode vanishes after a time equal or greater
to the time it takes for an electron to cross the diode gap,
leading to the steady state space-charge limited current. The
steady-state space-charge limited current is greater than the
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Fig. 10.

Norm. pulse length [r]

Brightness and total pulse charge versus pulse length. 75V gap potential, 250 nm emitter radius: Charge and brightness lines of rising

amplitudes have the same colors, brightness has error bars. Black, brown, blue, red, correspond to 1, 2.5, 5 and 10 in scaled laser amplitude
respectively. The Brightness peak hits at approx. 40 - 50% of total charge peak.

short-pulse space-charge limited current for microdiodes due
to edge effects that become more important for emitting areas
of smaller size. We also identified parameters for optimal
brightness of the beam bunch. For the parameter range that we
studied it is found that the brightness of the emitted beam has a
well defined optimum. This result is similar to what has been
found for thermal emission in microdiodes, in that optimal
brightness is achieved at a point during transition from source-
limited to space-charge limited emission. This may have some
practical value for designers of electron sources for coherent
and time resolved electron beams.
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