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Nanosecond electron pulses are appealing for ultrafast imaging and electron-gating applications, where
tunable currents and narrow energy spreads are desirable. Here, we demonstrate photoemission from a
Schottky emitter triggered by nanosecond laser pulses. Using photon energies optimally tuned to the emis-
sion potential barrier, we generate pulses containing over 10° electrons with energy spreads below 1 eV
by means of a prompt single-photon photoemission process. These results are consistent with a theoretical
model of laser-triggered electron emission and energetic broadening during propagation and can be widely

implemented.
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I. INTRODUCTION

Time-resolved electron microscopy has attracted con-
siderable interest for the study of ultrafast molecular, sur-
face, and bulk dynamics at spatial resolutions below the
optical diffraction limit [1-8]. To achieve optimal imaging
conditions, precise control over the emission and prop-
agation of free electrons is required and these controls
are now also enabling advances in electron-matter interac-
tion experiments [9—14] and microscope designs [15—18].
For any electron microscope, the choice of an electron
emitter and emission mechanism constrains the achiev-
able imaging conditions due to trade-offs between stability,
coherence, and spatial, temporal, and spectral resolutions.

Short pulses containing large numbers of electrons can
be used to decrease exposure times in microscopy and are
necessary to generate single-shot images of irreversible
dynamics, which require up to 10° electrons per pulse,
but Coulomb interactions broaden the spatial and ener-
getic profiles of high-current pulses, increasing aberra-
tions and lowering resolution [5]. These effects are sup-
pressed in longer pulses and large numbers of electrons
can propagate within nanosecond-pulse envelopes while
still maintaining the temporal resolution necessary to study
processes including phase changes, reaction kinetics, and
protein folding [19-22]. Furthermore, nanosecond pulses
are well suited for instruments that rely on the fast gat-
ing of electrons, such as multipass transmission electron
microscopes [23-25].

These pulses can be generated by filtering an electron
beam in time with a beam blanker or emission can be

*kasevich@stanford.edu

2331-7019/23/19(1)/014035(9)

014035-1

triggered by a short laser pulse [26]. Blankers are gener-
ally integrated with continuous electron sources and can
blur or displace electron beams [27]. Alternatively, laser
triggering requires optical access to the electron source
but introduces different degrees of freedom for controlling
the current, temporal duration, and energy spread of the
photoemitted pulses.

In this paper, we study electron emission from a Schot-
tky emitter illuminated by nanosecond laser pulses. Opti-
mized to emit bright and stable continuous electron beams
[28], these emitters have been laser triggered with fem-
tosecond pulses in single- and multiphoton photoemission
regimes [29—34]. On nanosecond and longer time scales,
laser-induced heating of the electron gas has been used
to trigger and control emission but can place significant
thermal stress on the emitter [35] or be restricted to low
emission currents [36]. A single-photon photoemission
regime that does not rely on heating has instead been
reached by using nanosecond UV pulses, resulting in broad
electron-energy distributions [34].

In femtosecond photoemission, narrow electron-energy
spreads are achieved by matching the photon energy to the
emission potential barrier of the source and longitudinal
energy spreads below 500 meV have been demonstrated
[37-40]. Our work focuses on single-photon photoemis-
sion near the potential barrier of a Schottky emitter on
nanosecond time scales. We produce pulses containing
up to 8 x 10° electrons with energy spreads below 1 eV,
with no evidence of laser-induced thermal effects. Our
results are consistent with a theoretical model for laser-
illuminated Schottky emitters, which suggests that we
are operating with an optimal photon energy. Because
these emitters are widely used in custom and commercial
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microscopes, we anticipate that this regime of nanosecond
photoemission can be widely implemented.

II. METHODS

A. Experimental setup

Our experiments are conducted with an electron gun
(Delong Instruments DIGUN) and magnetic-prism-array
system (Electron Optica Monochromator) [41], shown
schematically in Fig. 1. The electron source is a 540-
nm ZrO,/W Schottky emitter (DENKA TFE 174), which
extends 25 pum past the suppressor electrode. The emitter
is heated upon start-up to 1820 K to enable the formation
of the ZrO, layer on the front facet of (100)-oriented tung-
sten. For photoemission experiments, continuous emission
is turned off by cooling the tip to 1300 K over a period of
45 min.

We trigger photoemission with 0.6-ns FW50 532-nm
(photon energy Ep, = 2.33 V) pulses from a frequency-
doubled Nd:YAG laser (STANDA-Q-10-SH) operating at
5 kHz, where FW50 is the temporal duration containing
half of the total pulse energy. The incident laser pulses
propagate normal to the emitter axis and are linearly
polarized, with the polarization direction aligned along
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FIG. 1. A schematic of the experimental setup. The emission
from a ZrO,/W Schottky emitter at 1300 K is laser triggered with
0.6-ns FW50 pulses from a 532-nm frequency-doubled Nd:YAG
laser focused onto the tip by a 100-mm lens (L). The laser polar-
ization is controlled with a polarizer (P) and a half-wave plate
(X/2). The electron optics consist of a suppressor (S), an extrac-
tor (E), an anode (A), a gun lens (GL), and an insertable aperture
(IA), not drawn to scale. The dispersion induced by deflection
through a magnetic prism array (MPA) allows the energy distri-
bution of the electron beam to be relayed by an imaging lens
(IL) onto a scintillating YAG:Ce screen (YAG, i.e., yttrium-
aluminum-garnet) and the emitted radiation is imaged with a
camera (C).

the emitter axis unless otherwise noted. A 100-mm-focal-
length lens focuses the laser at the front facet of the emitter
to maximize the emission current. Under these operat-
ing conditions, the peak intensity of the laser pulse is
approximately 2 orders of magnitude below that used for
two-photon photoemission from Schottky emitters [30].

The suppressor and extractor electrodes are separated by
75 pum and are biased by 1.00 kV and 4.11 kV, respec-
tively, relative to the emitter. These voltages determine the
local field strength at the emitter facet and are held con-
stant to prevent reshaping of the facet surface over time.
The final beam energy is set by the bias of the anode, which
is located 5 mm beyond the extractor and is 6 keV in our
experiments.

Current losses of up to 90% occur at the extractor, with
additional losses occurring at the anode. An insertable
aperture located 80 mm below the tip is set to a diameter of
50 pm for all measurements and subtends an effective solid
angle of 2 x 107 sr. Approximately 1 in 10° electrons are
transmitted through these three optical elements.

After being accelerated, the electrons are focused by the
gun lens onto the dispersion plane of the 100-mm mag-
netic prism array, which is composed of a large magnetic
prism surrounded by an array of smaller magnetic coils.
The array allows for the correction of astigmatism and dis-
tortions in the transmitted beam that would otherwise be
present for a single prism [41]. The focal spot is 105 mm
above the prism-array center and is imaged with uniform
magnification through the array—with the electron trajec-
tories now bent by 90°—and convolved with the energy
distribution of the electrons according to the dispersion
of the prism. The energy resolution of this system has
been shown to be approximately 10 meV [41]. An elec-
trostatic lens relays and magnifies the convolved image
onto a scintillating YAG:Ce screen. At 6 keV, each electron
emits approximately 200 photons and the optical emission
is recorded with a camera.

B. Model of photoemission from a Schottky source

We now review the physical model for electron emis-
sion through potential barriers [42—45], used here to
describe our measurements. As shown in Fig. 2, the one-
dimensional potential barrier to emission into the vacuum
U(z) for electrons in a Schottky emitter, measured from
a zero-energy point at the lowest energy level in the
conduction band of the tungsten source, is given by

2

UG = +¢— ~ Fe, (1)

16megz

where p is the chemical potential, ¢ is the work function
of the source, e is the unit positive charge, € is the permit-
tivity of free space, and F is the electric field at the metal
surface.
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FIG. 2. A schematic of the mechanism for near-the-barrier
photoemission in one dimension. Most of the emitted current
is produced by a single-photon photoemission process enabled
by the bent potential barrier in vacuum. Laser-induced heating
can increase the population of electrons at higher energies in
the tungsten emitter, as shown in red. By matching the photon
energy to the barrier height, electron pulses are emitted with
narrow intrinsic energy distributions; however, Coulomb inter-
actions after emission still broaden the energy distribution in the
longitudinal direction (the Boersch effect) and the spatial profile.

Qualitatively, emission occurs when an electron in the
metal obtains sufficient energy to tunnel through or over-
come the potential barrier, where the electron population at
a given energy level is given by Fermi-Dirac statistics, as
shown inside the emitter in Fig. 2. When illuminated by a
laser, photons can be absorbed by the electron gas, increas-
ing the population of electrons with sufficient energy to
escape through or over the potential barrier. Furthermore,
we highlight that for the nanosecond pulses under con-
sideration, heating of the electron gas to a higher equilib-
rium temperature is possible, increasing the population at
higher-energy states, as shown in red.

One way of differentiating emission regimes is to con-
sider the difference between the photon energy and a
barrier height quantified by the effective work function ¢es
that results from the lowering of the potential barrier by the

applied field F,
eF
Gt = ¢ — . (2)
TT€Q

Photon energies significantly below ¢,y generate negli-
gible currents in the absence of multiphoton processes
and photon energies significantly above ¢ lead to the
emission of large currents with broad energy distribu-
tions through single-photon absorption. When the photon
energy and ¢ are approximately matched in a near-the-
barrier regime, single-photon emission still dominates and

the energy spreads of the pulses narrow, yielding ideal
operating conditions for imaging.

In our work, the electric field at the Schottky facet
is approximately 1.1 V/nm. Using measurements of the
continuous current emitted by the Schottky source at
18001820 K, we measure ¢ = 3.1 eV, so ¢or = 1.8 €V,
suggesting that near-the-barrier single-photon emission
(¢t S Eph), as shown in Fig. 2, should dominate in our
experiments in the absence of continuous emission.

A quantitative description of laser-driven emission
from a Schottky source—a photoassisted Schottky tip
(PHAST)—based on this model of emission has been pro-
posed by Cook et al. [46]. The PHAST model is applicable
to all regimes of Schottky operation, including those that
mix continuous thermal field emission with laser-triggered
emission. In the following, we restrict our discussion to
the regime of laser-triggered emission in which the con-
tinuous thermal field-emission current from the source is
negligible. The current density J emitted in the presence
of'a cw laser is found by integrating over the emission effi-
ciency for electrons of all kinetic energies normal to the
facet surface E,,,

J=x« /OO S(E)F(E))D'(Ey + Eph) dE,, 3
0

where S(E,) represents a reduction in the emission current
due to scattering in the metal, F'(E,) quantifies the number
of electrons with energy E,, and D'(E, + E) describes
the probability of transmission through the potential bar-
rier after the absorption of a photon. The scaling coefficient
k quantifies the strength of the illumination and the effi-
ciency of absorption. Importantly, k¥ o /, the intensity of
the illuminating laser. We calculate the current density
numerically for a range of experimental conditions and the
full description of the simulation parameters is given in
Appendix A. The number of electrons per pulse is cal-
culated by dividing the continuous photocurrent by the
laser repetition rate and the intrinsic longitudinal energy
spread of the photoemitted electrons is measured as the
energy range containing 50% of the electrons (FW50) for
a distribution of electron energies dJ /dE.

We note that although previous laser-triggering experi-
ments with nanosecond and microsecond laser pulses have
observed heating of the electron gas, the PHAST model
assumes a constant emitter temperature. The excited elec-
tron gas reaches a quasistatic thermal equilibrium with the
emitter lattice on picosecond time scales [47] and small
temperature increases are possible before the deposited
energy is dissipated, resulting in a nonlinear increase in the
photocurrent, seen, for example, in Ref. [36], and a broad-
ening of the intrinsic energy distributions of the electrons.
These effects are most relevant in low-current and under-
the-barrier operating conditions and are neglected in our
study of near-the-barrier emission. For longer laser-pulse
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durations, conductive cooling is outpaced by the laser-
induced heating, causing larger temperature increases with
microsecond rise times [35]. Independently, the work func-
tion, the emission angle, and the emission area of a Schot-
tky emitter can also depend on the emitter temperature
[28,48] and we neglect these effects in our simulations.

As shown schematically in Fig. 2, the spatial and ener-
getic profiles of an electron pulse broaden during propa-
gation. The broadening of the intrinsic longitudinal energy
spread of an electron pulse by Coulomb interactions dur-
ing propagation—the Boersch effect [49]—is significant at
large currents and has been studied for a range of emission
conditions [50-54]. Most of this broadening will occur
where the current is high and the electron velocities are
low, maximizing electron interaction times. Both of these
conditions are satisfied near the emitter immediately after
photoemission. Broadening after the extractor hole is neg-
ligible due to the large loss of current and high electron
velocities.

To estimate the strength of the Boersch effect, we uti-
lize the equations derived for continuous emission from
a Schottky source, which include contributions from all
four regimes of broadening [55]. This approximation of a
quasicontinuous beam is justified because the propagation
time from the tip to the extractor is just tens of picosec-
onds, much less than the pulse duration. For a 1-ns pulse of
known current, we step through the pulse in 50-ps intervals
and calculate the energetic broadening using the average
current in each interval. Assuming that the intrinsic energy
distribution is independent of time, the overall energy dis-
tribution can then be reconstructed by summing the energy
profiles of all such 50-ps intervals. In our setup, a 100-uA
continuous beam, corresponding to 3 x 10* electrons in 50
ps, would be broadened by 1 eV during propagation to the
extractor.

ITI. RESULTS AND DISCUSSION

Prompt laser-triggered electron emission is verified by
imaging the YAG:Ce screen with an intensified charge-
coupled device (ICCD) camera with subnanosecond gating
capabilities (LaVision Picostar HR). The YAG:Ce exhibits
fast rising optical emission (< 1 ns) and a long 1/e emis-
sion lifetime (82 4 7 ns) and thus acts as an integrator of
the electron pulse, as shown in the inset of Fig. 3. The
0.86 £ 0.06 ns FW50 pulse profile shown in red in Fig. 3 is
calculated as the first time derivative of the measured opti-
cal intensity as a function of the delay between the ICCD
gate pulse and the laser pulse, shown as a black dashed
line. Complete details of the measurement are given in
Appendix B.

The measured electron-pulse duration is comparable
to the duration of the laser pulse, confirming that emis-
sion results from photon absorption and prompt emission,
rather than from longer-lived thermal processes. Temporal
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FIG. 3. The measured temporal profile of electron pulses (red

squares) fit with a 0.86 £ 0.06 ns FW50 Gaussian profile (solid
red line). The measured electron and laser (dashed black line)
pulse profiles include contributions from the duration of the
ICCD gate pulse and the jitter of the electronics. The inset shows
the temporal response of the YAG:Ce screen, showing a lifetime
of 82 + 7 ns.

broadening due to the longitudinal energy spread of the
electrons is negligible and the longer pulse duration rela-
tive to the laser pulse is attributed to the rise time of the
YAG:Ce screen.

The dependence of the pulse current on the laser-pulse
energy and polarization is measured on a CMOS camera
(Teledyne FLIR BFS-U3-32S4M-C) and is presented in
Fig. 4. The continuous current emitted from the Schottky
source at high temperatures is independently measured in
our instrument and can be used to calibrate the photoemis-
sion current. We find that as many as 8 x 10° electrons per
laser pulse are emitted from the tip surface by 50-nJ laser
pulses [Fig. 4(a)]. The measured photocurrent (squares)
grows linearly with the laser-pulse energy, with error bars
indicating statistical uncertainties due to the standard error
in the calibration of the absolute emission current and shot
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FIG. 4. The dependence of the photocurrent on the laser-pulse
energy and polarization direction. (a) The measured (squares)
and predicted (solid line) photocurrent increases linearly with
increasing laser-pulse energy. (b) The relative measured pho-
tocurrent (squares) as a function of the angle 6 between the laser
polarization (green) and the emitter axis, as shown in the inset, is
fitted by a function cos*"(9) with n = 1.4 (solid line).
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noise in the detected current, which is approximately 5
orders of magnitude smaller than the photocurrent at the
emitter facet. This linear dependence of the photocurrent
on the laser-pulse intensity is consistent with the scaling
predicted by the PHAST model and is well matched by the
quantitative results of our simulations (solid line).

Importantly, the total photocurrent would not be deliv-
ered to the sample plane in a microscope incorporating
our electron gun: as noted above, most electrons are lost
at the extractor hole, anode, and aperture during propa-
gation. The high gain of the ICCD camera can be used
for single-electron counting directly at the YAG:Ce screen,
quantifying the number of electrons deliverable to the sam-
ple plane. For laser-pulse energies of a few nanojoules,
pulses containing on the order of one electron are detected;
at laser-pulse energies above 10 nJ, tens or more electrons
are transmitted through the instrument and can be used to
image a sample. Assuming a variance in the number of
emitted photons of up to 10% due to probabilistic emis-
sion events such as backscattering [56] and that we detect
approximately one scintillated photon per electron with the
ICCD, the uncertainty in the number of electrons is up to
10% higher than the shot-noise limit. At higher transmis-
sion currents, Coulomb interactions can continue to shape
the pulse after the extractor, potentially resulting in differ-
ent pulse characteristics after the magnetic prism array or
in a theoretical sample plane.

The dependence of the photocurrent emitted by 27-nJ
laser pulses on the angle between the laser polarization
and the tip axis is well fitted by a cos®*(#) function with
n = 1.4 [Fig. 4(b)]. Since the photon wavelength is com-
parable to the characteristic length scale of the emitter, we
expect that the additional sharpness (r > 1) of the depen-
dence of the photocurrent on the polarization angle is due
to the lightning-rod effect [29,57]. Contributions from mul-
tiphoton processes should be negligible due to the low
laser intensities used here in comparison to those used in
picosecond and femtosecond photoemission experiments
and there is no evidence for polarization-dependent heating
of the emitter [47], which has previously been observed in
Ref. [36].

The dispersive magnetic prism array enables direct mea-
surements of the energy distributions of the photoemitted
pulses. We first measure the transverse positions of the
beam on the YAG:Ce screen for a set of known beam
energies, where the transverse shift as a function of the
beam energy calibrates the energy difference as a func-
tion of the transverse separation. Each two-dimensional
pulse profile is then integrated in the direction orthogonal
to the dispersion and converted from a spatial distribu-
tion to an energetic distribution based on the calibration.
The FW50 of this final profile is measured. The predicted
intrinsic FW50 of the energy distribution for a photoemit-
ted pulse can be calculated using the PHAST model and is
independent of the laser intensity. However, higher laser

intensities lead to higher pulse currents, broadening the
energy spectrum due to the Boersch effect.

Example energy profiles are shown in Fig. 5(a). The
raw experimentally measured energy distribution (black
squares) and a Gaussian fit (solid black line) with a FW50
of 0.85 eV are shown for emission triggered with 50-
nJ laser pulses. The raw measured profile results from
the convolution of the spot size of the undispersed beam
with the dispersed profile generated by the prism array.
While Schottky beams can exhibit non-Gaussian energy
distributions [58], we find that the predicted intrinsic and
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FIG. 5. The Boersch effect in nanosecond photoemission. (a)
For 50-nJ laser pulses, the measured energy profile (black
squares) is fitted by a 0.85-eV FW50 Gaussian profile (solid
black line). After deconvolving the effective energy width of
the focal spot, the energy distribution of the electron bunch (red
squares) is recovered from the raw measured spectra. The intrin-
sic energy distribution predicted by the PHAST model (dashed
black line) is broadened by the Boersch effect during propa-
gation, yielding the solid red line. All energies are measured
relative to the electron energy at peak instantaneous current
Ey. (b) The FW50 of the raw (black squares) and deconvolved
(red squares) energy profiles increase with increasing laser-
pulse energy. The theoretical intrinsic FW50 of the photoemitted
pulses (dashed black line) are independent of the laser-pulse
energy. The net predicted FW50, with (black line) and with-
out (red line) the prism-induced broadening, increase due to the
Boersch effect. At high pulse energies, the FW50 grow consis-
tently with a prediction of Boersch effects in the Holtsmarkian
regime (dashed-dotted line). (c),(d) The theoretical predictions
and experimental results for (c) the photocurrent and (d) the
FW50 are shown for 20-nJ (dashed red lines, red squares) and
50-nJ (solid red lines, red circles) laser pulses. The dotted verti-
cal line marks the effective work function ¢eg in our setup. The
color gradient above this energy indicates the onset of the near-
the-barrier and then over-the-barrier emission regimes. (d) The
intrinsic FW50 (dashed black line) are independent of the laser-
pulse energy and are broadened by the Boersch effect at higher
currents.
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measured total energy profiles are approximately Gaus-
sian, as predicted for large surface field strengths [48] and
a Gaussian focal spot, respectively.

To remove this broadening due to the finite spot size of
the source image, we assume a Gaussian profile for the
focused spot at the crossover that has a position and size
independent of the photocurrent. We deconvolve a Gaus-
sian with a FW50 of 0.63 eV from the measured spectra to
remove the effects of this source image and calculate the
FW50 of the recovered energy distributions.

The energy distribution for photoemission triggered by
50-nJ laser pulses after deconvolution (red squares) results
from the contributions of the intrinsic energy spread and
the Boersch effect in the region between the tip and the
extractor. After the extractor, Boersch effects, even at beam
crossovers, are negligible due to the long pulse durations,
high losses, and high kinetic energies. The theoretical
intrinsic energy spread (dashed black line) is broadened
during propagation from the tip to the extractor (solid
red line) for the theoretical current emitted by 50-nJ laser
pulses. The FW50 values of these profiles are 0.25 eV and
0.56 eV, respectively.

In Fig. 5(b), we show that the experimental FW50 of
the raw electron-energy distributions (black squares) and
the FW50 after deconvolution (red squares) increase with
the laser-pulse energy or, equivalently, with the photocur-
rent. The error bars indicate the statistical uncertainty o
in the estimated FW50 based on Monte Carlo simula-
tions using the measurement noise. The predicted FW50
(solid red line) including contributions from the intrinsic
energy spread (dashed black line) and the Boersch effect
increase with increasing pulse current. At high currents,
the broadening is primarily in the Holtsmarkian regime and
the scaling of the energy width approaches the predicted
1?3 scaling (dashed-dotted line). We note that not all
electrons experience Boersch effects with strengths in the
Holtsmarkian regime, especially as the current decreases,
leading to the higher scaling at low laser-pulse energies,
where the Boersch effects are closer in magnitude to the
FW50 of the intrinsic energy distribution. Despite neglect-
ing variations in the emitter parameters with temperature
and aberrations in the electron optics, the model describes
the behavior observed in the experimental data and we
measure nanosecond pulses with an FW50 of as low as
0.34 £ 0.06 eV.

Both the intrinsic and the broadened energy spreads
could be controlled by changing the emission area and
propagation dynamics by tuning the suppressor and extrac-
tor voltages while maintaining a constant field at the
emitter apex, at the risk of reshaping the emitter geometry.
Another strategy for further narrowing the energy spread
would be to lower Ep, and move deeper into the near-the-
barrier regime, lowering both the intrinsic energy spread
and the photocurrent. As shown in Figs. 5(c) and 5(d),
for Epn < ¢ (dotted vertical line), photoassisted field

emission produces low currents with broad energy spreads.
As E,, approaches ¢, the intrinsic energy distribution
(dashed black line) narrows as a larger number of elec-
trons from a small energy band can be emitted over the
barrier. Eventually, higher photon energies again result
in broadening energy distributions and large emitted cur-
rents. This transition into the near-the-barrier and then
over-the-barrier operating regimes is indicated by the red
gradients.

The FWS50 of the intrinsic energy distribution is not
experimentally accessible at high currents due to the Boer-
sch effect, as shown for 20-nJ (dashed red lines) and
50-nJ (solid red lines) laser pulses in Fig. 5(d), where the
experimental results at the photon and laser-pulse ener-
gies reported in this work are given by the red squares
and circles. Furthermore, we note that the operating time
of laser-triggered Schottky emitters at low temperatures
is limited and depends on the photon energy. At 1300 K,
Zr0O, is unable to diffuse to the front facet of the tip and ¢
begins to increase as ZrO, is ablated by the laser or con-
taminated by reactions with residual gas molecules ionized
in the vicinity of the tip [32]. The time scale of suppres-
sion is determined by the energetic separation between the
highest-energy electrons in the metal and the peak of the
Schottky potential barrier relative to the photon energy
[29]. For Epy > ¢efr, current losses are minimal for small
increases in ¢.

In our setup, the photocurrent is suppressed by more
than an order of magnitude after 60 min of laser trigger-
ing. This rapid suppression further confirms that the laser
photon energy is closely matched to the potential barrier
height such that small increases in the work function are
sufficient to suppress the observed photocurrent. To com-
pensate for this effect, emitters can be regularly flashed to
high temperatures to replenish the ZrO, layer and maintain
narrow energy spreads [31,32].

From this analysis, we conclude that the ideal photon
energy sits just above ¢ to enable linear near-the-barrier
emission without the need for constant flashing of the
emitter. Furthermore, for some applications, a higher pho-
tocurrent is desirable and can be achieved with the same
energy distribution FW50 at slightly higher photon ener-
gies. Our experimental results with £, = 2.33 eV satisfy
these conditions and suggest the need for accurate char-
acterizations of Schottky source parameters and judicious
choices of photon energies when designing instruments
that will use nanosecond electron pulses.

IV. CONCLUSIONS

We characterize a regime of prompt near-the-barrier
emission from a Schottky source triggered by nanosecond
laser pulses. As many as 8 x 10° electrons per nanosecond
pulse are photoemitted at the emitter facet. These cur-
rents exceed those producible from sharper tips [59] and
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nanosecond laser pulses can be used to reach larger cur-
rents than those seen in femtosecond experiments [29].
Despite these high currents, the extended nanosecond time
scale for emission allows narrow electron-energy spreads
to be maintained, which is important for limiting chromatic
aberrations in electron microscopes, and after account-
ing for losses in our electron gun, we verify that we can
deliver pulses containing single to tens of electrons to
future samples.

This single-photon photoemission regime yields straight-
forward control over the photocurrent and shows little
evidence of thermal nonlinearities or excessive heating of
the electron source. Our results are consistent with the
PHAST model when energetic broadening due to the Boer-
sch effect is included and suggest that we are operating
with an optimal photon energy. These models could prove
useful when designing instruments using nanosecond elec-
tron pulses. Given the prevalence of Schottky sources,
we anticipate that this emission regime will be acces-
sible and valuable for time-resolved imaging, multipass
electron microscopy, and other fast-gating techniques that
manipulate free electrons on nanosecond time scales.

ACKNOWLEDGMENTS

We would like to thank Marian Mankos of Electron
Optica for his help with setting up and optimizing the
instrument and for fruitful discussions. This work was
conducted as part of the Quantum Electron Microscope
collaboration, funded by the Gordon and Betty Moore
Foundation. A.J.B. acknowledges support from the Stan-
ford Graduate Fellowship and from the National Science
Foundation Graduate Research Fellowship Program under
Grant No. 1656518.

APPENDIX A: PHAST SIMULATION
PARAMETERS

Using measurements of the continuous current emitted
by the Schottky source at 1800—1820 K and assuming
extended Schottky emission, we fit the work function ¢
of the source to be approximately 3.1 eV and the emission
area to be 1.6 um? for a field of 1.1 V/nm at the emitter
facet. The chemical potential w is taken to be 10 eV, fol-
lowing Ref. [46]. The reflectivity of the emitter is set to
0.5. The scattering coefficient S(£,) is found to be approx-
imately constant for the experimental conditions and is set
to 1 for all energies. For the laser intensity, we use the aver-
age laser power delivered to a focal spot with a 10-um
radius. Calculations are conducted for an emitter operated
at 1300 K and we assume that all parameters are temper-
ature independent. To calculate the energetic broadening
due to the Boersch effect, we set the crossover radius equal
to the tip radius of 540 nm and take the half-opening angle
of emission to be 7°, following Ref. [48]. The distance
from the tip to the extractor is 50 pum.

APPENDIX B: TEMPORAL
CHARACTERIZATION PARAMETERS

The laser-pulse duration at FW50 is measured as 0.64 +
0.02 ns on a fast photodiode (Hamamatsu G4176). The
pulse duration measured on the ICCD camera is 0.65 + .04
ns and is a convolution of the intrinsic laser-pulse dura-
tion, the ICCD gating pulse, and the jitter between the
pulses, measured to be up to 100 ps in our setup. Sub-
tracting the laser-pulse duration and jitter in quadrature,
the camera gating pulse is measured to be less than 600
ps. The electron-pulse profile is given by the first time
derivative of the optical signal shown in the inset of Fig. 3,
where the long emission lifetime of 82 + 7 nsto 1/e causes
the YAG:Ce to act as an integrator of the electron pulse.
The jitter and gate duration do not affect the pulse dura-
tion when subtracted in quadrature from a Gaussian fit
(Fig. 3) that estimates the FW50 pulse duration to be
0.86 £ 0.06 ns.

[1T] W. E. King, G. H. Campbell, A. Frank, B. Reed, J. F.
Schmerge, B. J. Siwick, B. C. Stuart, and P. M. Weber,
Ultrafast electron microscopy in materials science, biology,
and chemistry, J. Appl. Phys. 97, 111101 (2005).

[2] A. H. Zewail, Four-dimensional electron microscopy,
Science 328, 187 (2010).

[3] F. Carbone, Modern electron microscopy resolved in space,
energy and time, Eur. Phys. J. Appl. Phys. 54, 33503
(2011).

[4] G. Sciaini and R.J. D. Miller, Femtosecond electron diffrac-
tion: Heralding the era of atomically resolved dynamics,
Rep. Prog. Phys. 74, 096101 (2011).

[51 N. Browning, M. Bonds, G. Campbell, J. Evans, T.
LaGrange, K. Jungjohann, D. Masiel, J. McKeown, S.
Mehraeen, B. Reed, and M. Santala, Recent developments
in dynamic transmission electron microscopy, Curr. Opin.
Solid State Mater. Sci. 16, 23 (2012).

[6] D. A. Plemmons, P. K. Suri, and D. J. Flannigan, Probing
structural and electronic dynamics with ultrafast electron
microscopy, Chem. Mater. 27, 3178 (2015).

[7] A. Adhikari, J. K. Eliason, J. Sun, R. Bose, D. J. Flan-
nigan, and O. F. Mohammed, Four-dimensional ultrafast
electron microscopy: Insights into an emerging technique,
ACS Appl. Mater. Interfaces 9, 3 (2017).

[8] B. Liao and E. Najafi, Scanning ultrafast electron
microscopy: A novel technique to probe photocarrier
dynamics with high spatial and temporal resolutions, Mater.
Today Phys. 2, 46 (2017).

[9] A. Feist, K. E. Echternkamp, J. Schauss, S. V. Yalunin, S.
Schifer, and C. Ropers, Quantum coherent optical phase
modulation in an ultrafast transmission electron micro-
scope, Nature 521, 200 (2015).

[10] E. Jones, M. Becker, J. Luiten, and H. Batelaan, Laser con-
trol of electron matter waves, Laser Photon. Rev. 10, 214
(2016).

[11] M. Kriiger, C. Lemell, G. Wachter, J. Burgdorfer,
and P. Hommelhoff, Attosecond physics phenomena at

014035-7


https://doi.org/10.1063/1.1927699
https://doi.org/10.1126/science.1166135
https://doi.org/10.1051/epjap/2010100354
https://doi.org/10.1088/0034-4885/74/9/096101
https://doi.org/10.1016/j.cossms.2011.07.001
https://doi.org/10.1021/acs.chemmater.5b00433
https://doi.org/10.1021/acsami.6b12301
https://doi.org/10.1016/j.mtphys.2017.07.003
https://doi.org/10.1038/nature14463
https://doi.org/10.1002/lpor.201500232

JOSHUA L. REYNOLDS et al.

PHYS. REV. APPLIED 19, 014035 (2023)

nanometric tips, J. Phys. B: At., Mol. Opt. Phys. 51, 172001
(2018).

[12] M. Kozak, N. Schonenberger, and P. Hommelhoff, Pon-
deromotive Generation and Detection of Attosecond Free-
Electron Pulse Trains, Phys. Rev. Lett. 120, 103203 (2018).

[13] A. Massuda, C. Roques-Carmes, Y. Yang, S. E. Kooi, Y.
Yang, C. Murdia, K. K. Berggren, 1. Kaminer, and M. Sol-
jaci¢, Smith-Purcell radiation from low-energy electrons,
ACS Photonics 5, 3513 (2018).

[14] K. Wang, R. Dahan, M. Shentcis, Y. Kauffmann, A. Ben
Hayun, O. Reinhardt, S. Tsesses, and I. Kaminer, Coher-
ent interaction between free electrons and a photonic cavity,
Nature 582, 50 (2020).

[15] B. Barwick, D. J. Flannigan, and A. H. Zewail, Photon-
induced near-field electron microscopy, Nature 462, 902
(2009).

[16] P. Kruit, R. Hobbs, C.-S. Kim, Y. Yang, V. Man-
frinato, J. Hammer, S. Thomas, P. Weber, B. Klopfer, C.
Kohstall, T. Juffmann, M. Kasevich, P. Hommelhoff, and
K. Berggren, Designs for a quantum electron microscope,
Ultramicroscopy 164, 31 (2016).

[17] O. Schwartz, J. J. Axelrod, S. L. Campbell, C. Turn-
baugh, R. M. Glaeser, and H. Miiller, Laser phase plate for
transmission electron microscopy, Nat. Methods 16, 1016
(2019).

[18] H. Okamoto, R. Firouzmandi, R. Miyamura, V. Sazgari,
S. Okumura, S. Uchita, and I. I. Kaya, TEM at mil-
likelvin temperatures: Observing and utilizing supercon-
ducting qubits, Micron 161, 103330 (2022).

[19] T. LaGrange, G. H. Campbell, B. Reed, M. Taheri,
J. B. Pesavento, J. S. Kim, and N. D. Browning,
Nanosecond time-resolved investigations using the in sifu
of dynamic transmission electron microscope (DTEM),
Ultramicroscopy 108, 1441 (2008).

[20] M. Lin and A. Zewail, Protein folding—simplicity in com-
plexity, Ann. Phys. 524, 379 (2012).

[21] M. Picher, K. Biicker, T. LaGrange, and F. Banhart,
Imaging and electron energy-loss spectroscopy using sin-
gle nanosecond electron pulses, Ultramicroscopy 188, 41
(2018).

[22] S.K. Sinha, A. Khammari, M. Picher, F. Roulland, N. Viart,
T. LaGrange, and F. Banhart, Nanosecond electron pulses
in the analytical electron microscopy of a fast irreversible
chemical reaction, Nat. Commun. 10, 3648 (2019).

[23] T. Juffmann, S. A. Koppell, B. B. Klopfer, C. Ophus, R.
M. Glaeser, and M. A. Kasevich, Multi-pass transmission
electron microscopy, Sci. Rep. 7, 1699 (2017).

[24] S. A. Koppell, M. Mankos, A. J. Bowman, Y. Israel, T.
Juffmann, B. B. Klopfer, and M. A. Kasevich, Design
for a 10 keV multi-pass transmission electron microscope,
Ultramicroscopy 207, 112834 (2019).

[25] B. B. Klopfer, S. A. Koppell, A. J. Bowman, Y. Israel,
and M. A. Kasevich, Fast pulse shaping for a novel gated
electron mirror, Rev. Sci. Instrum. 92, 043705 (2021).

[26] L. Zhang, J. P. Hoogenboom, B. Cook, and P. Kruit, Pho-
toemission sources and beam blankers for ultrafast electron
microscopy, Struct. Dyn. 6, 051501 (2019).

[27] L. Zhang, M. W. Garming, J. P. Hoogenboom, and P. Kruit,
Beam displacement and blur caused by fast electron beam
deflection, Ultramicroscopy 211, 112925 (2020).

[28] M. Fransen, T. L. Van Rooy, P. Tiemeijer, M. Overwijk, J.
Faber, and P. Kruit, On the Electron-Optical Properties of
the ZrO/W Schottky Electron Emitter (Elsevier, San Diego,
1999), p. 91.

[29] D.-S. Yang, O. F. Mohammed, and A. H. Zewail, Scanning
ultrafast electron microscopy, Proc. Natl. Acad. Sci. 107,
14993 (2010).

[30] R. Bormann, S. Strauch, S. Schéfer, and C. Ropers, An
ultrafast electron microscope gun driven by two-photon
photoemission from a nanotip cathode, J. Appl. Phys. 118,
173105 (2015).

[31] A. Feist, N. Bach, N. Rubiano da Silva, T. Danz, M. Méller,
K. E. Priebe, T. Domrose, J. G. Gatzmann, S. Rost, J.
Schauss, S. Strauch, R. Bormann, M. Sivis, S. Schifer,
and C. Ropers, Ultrafast transmission electron microscopy
using a laser-driven field emitter: Femtosecond resolution
with a high coherence electron beam, Ultramicroscopy 176,
63 (2017).

[32] M. Kozak, J. McNeur, N. Schonenberger, J. Illmer, A. Li,
A. Tafel, P. Yousefi, T. Eckstein, and P. Hommelhoff, Ultra-
fast scanning electron microscope applied for studying the
interaction between free electrons and optical near-fields of
periodic nanostructures, J. Appl. Phys. 124, 023104 (2018).

[33] S. Meuret, M. Sola Garcia, T. Coenen, E. Kieft, H. Zei-
jlemaker, M. Latzel, S. Christiansen, S. Woo, Y. Ra, Z.
Mi, and A. Polman, Complementary cathodoluminescence
lifetime imaging configurations in a scanning electron
microscope, Ultramicroscopy 197, 28 (2019).

[34] P. K. Olshin, M. Drabbels, and U. J. Lorenz, Characteriza-
tion of a time-resolved electron microscope with a Schottky
field emission gun, Struct. Dyn. 7, 054304 (2020).

[35] G. Bongiovanni, P. K. Olshin, M. Drabbels, and U. J.
Lorenz, Intense microsecond electron pulses from a Schot-
tky emitter, Appl. Phys. Lett. 116, 234103 (2020).

[36] Y. Israel, A. J. Bowman, B. B. Klopfer, S. A. Koppell, and
M. A. Kasevich, High-extinction electron pulses by laser-
triggered emission from a Schottky emitter, Appl. Phys.
Lett. 117, 194101 (2020).

[37]1 M. Aidelsburger, F. O. Kirchner, F. Krausz, and P. Baum,
Single-electron pulses for ultrafast diffraction, Proc. Natl.
Acad. Sci. 107, 19714 (2010).

[38] D. Ehberger, J. Hammer, M. Eisele, M. Kriiger, J. Noe,
A. Hogele, and P. Hommelhoff, Highly Coherent Electron
Beam from a Laser-Triggered Tungsten Needle Tip, Phys.
Rev. Lett. 114, 227601 (2015).

[39] C. Li, X. Zhou, F. Zhai, Z. Li, F. Yao, R. Qiao, K. Chen,
M. T. Cole, D. Yu, Z. Sun, K. Liu, and Q. Dai, Carbon
nanotubes as an ultrafast emitter with a narrow energy
spread at optical frequency, Adv. Mater. 29, 1701580
(2017).

[40] S. Karkare, G. Adhikari, W. A. Schroeder, J. K. Nangoi,
T. Arias, J. Maxson, and H. Padmore, Ultracold Electrons
via Near-Threshold Photoemission from Single-Crystal
Cu(100), Phys. Rev. Lett. 125, 054801 (2020).

[41] M. Mankos, K. Shadman, and V. Kolarik, Novel elec-
tron monochromator for high resolution imaging and spec-
troscopy, J. Vac. Sci. Technol. B 34, 06KPO01 (2016).

[42] R. H. Fowler, The analysis of photoelectric sensitivity
curves for clean metals at various temperatures, Phys. Rev.
38,45 (1931).

014035-8


https://doi.org/10.1088/1361-6455/aac6ac
https://doi.org/10.1103/PhysRevLett.120.103203
https://doi.org/10.1021/acsphotonics.8b00743
https://doi.org/10.1038/s41586-020-2321-x
https://doi.org/10.1038/nature08662
https://doi.org/10.1016/j.ultramic.2016.03.004
https://doi.org/10.1038/s41592-019-0552-2
https://doi.org/10.1016/j.micron.2022.103330
https://doi.org/10.1016/j.ultramic.2008.03.013
https://doi.org/10.1002/andp.201200501
https://doi.org/10.1016/j.ultramic.2018.03.006
https://doi.org/10.1038/s41467-019-11669-w
https://doi.org/10.1038/s41598-017-01841-x
https://doi.org/10.1016/j.ultramic.2019.112834
https://doi.org/10.1063/5.0039523
https://doi.org/10.1063/1.5117058
https://doi.org/10.1016/j.ultramic.2019.112925
https://doi.org/10.1073/pnas.1009321107
https://doi.org/10.1063/1.4934681
https://doi.org/10.1016/j.ultramic.2016.12.005
https://doi.org/10.1063/1.5032093
https://doi.org/10.1016/j.ultramic.2018.11.006
https://doi.org/10.1063/4.0000034
https://doi.org/10.1063/5.0009442
https://doi.org/10.1063/5.0028493
https://doi.org/10.1073/pnas.1010165107
https://doi.org/10.1103/PhysRevLett.114.227601
https://doi.org/10.1002/adma.201701580
https://doi.org/10.1103/PhysRevLett.125.054801
https://doi.org/10.1116/1.4962383
https://doi.org/10.1103/PhysRev.38.45

PHOTOEMISSION FROM A SCHOTTKY EMITTER...

PHYS. REV. APPLIED 19, 014035 (2023)

[43] L. A. DuBridge, Theory of the energy distribution of
photoelectrons, Phys. Rev. 43, 727 (1933).

[44] H. Shimoyama and S. Maruse, Theoretical considerations
on electron optical brightness for thermionic, field and T-F
emissions, Ultramicroscopy 15, 239 (1984).

[45] K. L. Jensen, in Electron Emission Physics, Advances in
Imaging and Electron Physics, Vol. 149 (Elsevier, San
Diego, 2007), p. 147.

[46] B. Cook, M. Bronsgeest, K. Hagen, and P. Kruit, Improving
the energy spread and brightness of thermal-field (Schot-
tky) emitters with PHAST—PHoto Assisted Schottky Tip,
Ultramicroscopy 109, 403 (2009), iFES 2008.

[47] C. Kealhofer, S. M. Foreman, S. Gerlich, and M. A.
Kasevich, Ultrafast laser-triggered emission from hafnium
carbide tips, Phys. Rev. B 86, 035405 (2012).

[48] M. Bronsgeest, Physics of Schottky Electron Sources: The-
ory and Optimum Operation (Taylor & Francis, New York,
2013).

[49] H. Boersch, Experimentelle Bestimmung der Energiev-
erteilung in thermisch ausgeldsten Elektronenstrahlen,
Zeitschrift fiir Physik 139, 115 (1954).

[50] B. J. Siwick, J. R. Dwyer, R. E. Jordan, and R. J. D.
Miller, Ultrafast electron optics: Propagation dynamics of
femtosecond electron packets, J. Appl. Phys. 92, 1643
(2002).

[51] S. Passlack, S. Mathias, O. Andreyev, D. Mittnacht, M.
Aeschlimann, and M. Bauer, Space charge effects in
photoemission with a low repetition, high intensity fem-
tosecond laser source, J. Appl. Phys. 100, 024912 (2006).

[52] M. Kuwahara, Y. Nambo, K. Aoki, K. Sameshima, X. Jin,
T. Ujihara, H. Asano, K. Saitoh, Y. Takeda, and N. Tanaka,
The Boersch effect in a picosecond pulsed electron beam
emitted from a semiconductor photocathode, Appl. Phys.
Lett. 109, 013108 (2016).

[53] B. Cook and P. Kruit, Coulomb interactions in sharp tip
pulsed photo field emitters, Appl. Phys. Lett. 109, 151901
(2016).

[54] N. Bach, T. Domrose, A. Feist, T. Rittmann, S. Strauch,
C. Ropers, and S. Schifer, Coulomb interactions in high-
coherence femtosecond electron pulses from tip emitters,
Struct. Dyn. 6, 014301 (2019).

[55] P.Kruitand G. H. Jansen, in Handbook of Charged Particle
Optics, edited by J. Orloff (CRC Press, Boca Raton, Florida,
1997) Chap. 7, p. 275, 1st ed.

[56] L. Reimer and H. Kohl, Transmission Electron Microscopy
(Springer, New York, 2008).

[57] Y. C. Martin, H. F. Hamann, and H. K. Wickramasinghe,
Strength of the electric field in apertureless near-field opti-
cal microscopy, J. Appl. Phys. 89, 5774 (2001).

[58] M. S. Bronsgeest, J. E. Barth, G. A. Schwind, L. W.
Swanson, and P. Kruit, Extracting the Boersch effect contri-
bution from experimental energy spread measurements for
Schottky electron emitters, J. Vac. Sci. Technol. B: Micro-
electron. Nanometer Struct. Process., Meas., Phenom. 25,
2049 (2007).

[59] R. Bormann, M. Gulde, A. Weismann, S. V. Yalunin, and C.
Ropers, Tip-Enhanced Strong-Field Photoemission, Phys.
Rev. Lett. 105, 147601 (2010).

014035-9


https://doi.org/10.1103/PhysRev.43.727
https://doi.org/10.1016/0304-3991(84)90045-7
https://doi.org/10.1016/j.ultramic.2008.11.024
https://doi.org/10.1103/PhysRevB.86.035405
https://doi.org/10.1007/BF01375256
https://doi.org/10.1063/1.1487437
https://doi.org/10.1063/1.2217985
https://doi.org/10.1063/1.4955457
https://doi.org/10.1063/1.4963783
https://doi.org/10.1063/1.5066093
https://doi.org/10.1063/1.1354655
https://doi.org/10.1116/1.2794067
https://doi.org/10.1103/PhysRevLett.105.147601

	I. INTRODUCTION
	II. METHODS
	A. Experimental setup
	B. Model of photoemission from a Schottky source

	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: PHAST SIMULATION PARAMETERS
	B. APPENDIX B: TEMPORAL CHARACTERIZATION PARAMETERS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


