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Abstract 

Thanks to their high brightness, field emitters are the electron sources of choice in most high-end 

electron microscopes. Under typical operating conditions, the available emission current from these 

emitters is largely limited by practical considerations, and extracting significantly larger currents is 

usually not possible without reducing the lifetime of the emitter or even damaging it. Such limitations 

may however not apply if the emitter is only briefly subjected to extreme operating conditions, so that 

damage can be outrun. Here, we demonstrate that it is possible to temporarily operate a Schottky 

emitter far outside its stable operating regime and significantly increase its emission current. We do so 

by locally heating the tip of the emitter with a microsecond laser pulse, which boosts the emission 

current by a factor of 3.7, to nearly 450 μA. We believe that the generation of intense, microsecond 

electron pulses from a field emitter will particularly benefit atomic-resolution imaging of fast processes 

that occur on the microsecond timescale. 
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Field emitters have greatly advanced a range of applications in electron microscopy that particularly 

benefit from their high brightness and coherence.1–6 More recently, they have also found application in 

the rapidly developing field of time-resolved electron microscopy,7–12 enabling for example the coherent 

manipulation of single-electron wavepackets with laser fields13 or time-resolved holography.9,12 While 

field emitters made from carbon nanotubes,14 LaB6 nanowires,15 or single atoms16 have set brightness 

records, tungsten field emitters are most widely used, as they offer stable operation over extended 

periods of time, as well as a lifetime of years.17,18 Schottky emitters consist of a single-crystalline 

tungsten to which a high extraction field is applied. They are coated with a layer of zirconium oxide to 

reduce the work function of the (100) emitting surface,3 and are typically operated at temperatures up 

to 1800 K. This also reduces the buildup of contaminations and allows the zirconia layer on the emitting 

surface to continuously be replenished through diffusion from a reservoir on the body of the emitter.19 

 

For many experiments with high time-resolution, in particular for imaging with short electron pulses, the 

available probe current is a critical figure of merit that limits the amount of information that can be 

obtained in a short amount of time.20,21 Given the excellent source properties of Schottky emitters, it is 

therefore tempting to try and extract larger currents. However, practical considerations limit the ability 

to do so by simply raising the extraction voltage or the operating temperature. At high extraction fields, 

tungsten atoms migrate towards the tip, which leads to unstable emission and causes the end facet to 

grow, ultimately shortening the lifetime of the emitter.22,3,17,18 The tip geometry is only stable over 

extended periods of time if the pull of the extraction field is exactly counterbalanced by the surface 

tension of the tip, which drives atoms to migrate in the opposite direction.22,3,17,18 For a typical gun 

geometry, the stable extraction voltage is about 3-4 kV.22 It is also impractical to raise the temperature 

of the emitter significantly above 1800 K, where evaporation rapidly depletes the zirconium oxide 

reservoir and thus shortens the lifetime of the emitter.3 Above 1950 K, the emission current begins to 

drop, as the zirconia coverage of the emitting surface decreases,22 and at 2400 K, the zirconium oxide 

layer evaporates entirely, making operation impossible.23 It has been reported that under extreme 

conditions, at 1950 K and with about twice the stable extraction voltage, a stable emission current of 

500 μA can be sustained for several days.22,24 However, under practical operating conditions, the 

emission current is typically about 100 μA.22 
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Here, we demonstrate that it is possible to boost emission from a Schottky emitter by temporarily 

operating it at extreme temperatures. When we heat the emitter tip with a microsecond laser pulse to 

an estimated temperature of over 2500 K, the emission current increases to nearly 450 µA. We envision 

that in combination with a beam blanker, this will enable the generation of intense microsecond electron 

pulses of high brightness. While femtosecond and nanosecond photoelectron pulses from field emitters 

have previously been demonstrated,8,9,25–28 photoemission does not provide a convenient mechanism 

to access the microsecond timescale. Because of the low photoelectron yields involved, the laser 

powers required to sustain a large photoemission current would rapidly heat the emitter to temperatures 

at which thermal emission vastly exceeds photoemission.29 Our experiments demonstrate the 

generation of intense microsecond electron pulses from a field emitter, which will particularly benefit 

atomic-resolution imaging of fast processes occurring on the microsecond timescale. 

 

Experiments were carried out with a modified JEOL Schottky field emission gun, whose emitter 

assembly is illustrated in Fig. 1a. The emitter (430 nm tip radius) protrudes from a hole in the 

suppressor, which is held at -300 V with respect to the emitter. The extractor is located at a distance of 

350 μm from the tip and biased to +3.0 kV. The assembly is completed by the so-called anode 2, which 

serves as an electrostatic lens (typically +7.8 kV). Unless otherwise noted, the emitter temperature is 

set to 1720 K, the operating temperature recommended by the manufacturer of the gun, at which we 

obtain an emission current of 120 μA. In order to transiently boost emission, we heat the emitter tip with 

a high-power continuous laser (532 nm wavelength), as illustrated in Fig. 1b. The laser beam is chopped 

into microsecond pulses with an acousto-optic modulator, expanded, and focused onto the tip of the 

emitter (17 μm FWHM laser spot size), which it strikes under an angle of 16° with respect to the electron 

optical axis. A piezo-controlled mirror facilitates alignment. The reported laser powers refer to the power 

that reaches the emitter, where we have accounted for losses on optics. For the experiments reported 

in Fig. 2, the electron gun was mounted on a JEOL 2010F transmission electron microscope and 

operated at 200 kV accelerating voltage. The probe current was measured on the phosphor screen of 

the microscope, with a fast transimpedance amplifier connected to record the temporal structure of the 

electron pulses. For the experiments in Fig. 4, the emitter assembly was removed from the gun and 

mounted in a dedicated vacuum chamber. The electron beam was monitored on a phosphor screen at 

a distance of 25 cm from the emitter. 
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 5 

 

Figure 2a demonstrates that laser heating the tip of the emitter can be used to significantly boost 

electron emission for a duration of hundreds of microseconds. Under irradiation with a 100 µs laser 

pulse (red curve, 1 kHz repetition rate), the probe current (blue) increases rapidly, by more than three 

times at the end of the laser pulse, before it slowly returns to its initial value. We obtain a rise time of 

the electron pulse of 11 µs from a fit with the sum of an exponential and a linear function, which appears 

to give a good description for a range of pulse lengths. The tail of the pulse follows a biexponential 

decay with timescales of 14 µs and 85 µs (75 % and 25 % weight). For simplicity, we report 80 % to 

20 % fall times in the following, for which we measure 36 µs here. 

 

Figure 2b shows that the peak probe current increases linearly with laser power (100 µs pulses, 20 Hz), 

reaching 210 nA at 0.64 W, which corresponds to an enhancement of 3.7 times and an emission current 

of nearly 450 µA. The linear increase of the probe current is consistent with the high-temperature 

behavior of Schottky emitters. While below 1600 K, the emission current follows Schottky theory and 

grows exponentially with temperature,1 between 1600 K and 1850 K, it only increases linearly,3 which 

is due to a linear increase of the work function in this temperature range.23 For our emitter, the probe 

current increases by 20 nA per 100 K, which allows us to estimate the peak temperature of the tip. 

(Fig. 2b, top axis). For the highest laser power, the tip reaches over 2500 K, vastly exceeding the 

recommended maximum operating temperature (1850 K), and well above the temperature at which 

zirconium oxide is completely removed from a tungsten surface (2400 K).23 While continuous operation 

at such an extreme temperature would be all but impossible, we are evidently able to outrun the 

evaporation of zirconia from the end facet. This process likely requires tens of seconds, the time it takes 

the emission current to stabilize after a sudden temperature change.3 We note that for high current 

densities, Coulomb interactions ultimately limit the brightness24,30 . We therefore expect the increase in 

brightness to be lower than the increase in current. 

 

If the emitter is continuously exposed to intense laser pulses, the peak probe current slowly decreases 

over time, as shown in Fig. 2c. Under irradiation with 100 μs pulses of 0.44 W at 1 kHz repetition rate, 

the enhancement of the peak probe current is initially three, but then slowly drops to two, with a time 

constant of one hour. Apparently, under these conditions, the rate at which the laser pulses remove 
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 6 

zirconium oxide from the end facet exceeds the rate at which it can be replenished through diffusion. 

The zirconium oxide coverage therefore decreases, and with it the peak current, until an equilibrium is 

established in which both rates are equal. We note that after we stop irradiating it, the emitter slowly 

recovers, and the peak probe current returns to its initial value. Moreover, we do not observe any 

significant changes in the emission characteristics over time, suggesting that the tip shape remains 

stable, as is expected when the emitter is operated with a stable extraction voltage. At higher repetition 

rates, the enhancement of the peak probe current is initially the same, with the drop occurring faster 

accordingly. 

 

Finite element simulations (Comsol Multiphysics) provide additional insights into the heating and cooling 

dynamics of the emitter. As illustrated in Fig. 3a, we model an emitter of typical dimensions with the 

thermal properties of tungsten31 and an initial temperature of 1720 K. A tip of 500 nm radius tops a 

1.4 μm long cylindrical shaft, which widens in a 300 μm long conical section to the diameter of the body 

of the emitter (125 μm). The emitter is heated by a Gaussian laser beam (17 μm FWHM) that is centered 

onto the base of the shaft and strikes it under an angle of 16° with respect to the electron optical axis 

(inset). We neglect the variation of the absorbance with local incidence angle and instead assume an 

average absorbance of 21 %.32 

 

Figure 3b shows the temperature evolution of the emitting surface under irradiation with a 0.8 W laser 

pulse of 100 µs duration. We obtain heating and cooling times of 7 μs and 33 μs, respectively, in 

reasonable agreement with the experiment. The temperature jump is somewhat lower, most likely 

reflecting differences between the simulated and actual emitter geometry. The surface temperature 

distribution at the end of the laser pulse (Fig. 3a, color) reveals that only the very tip of the emitter is 

being heated up significantly, while the temperature of the emitter body remains unchanged. At a 

distance of only 30 µm from the tip, the laser induced temperature jump decreases by half. Such very 

localized heating is favorable for the purpose of creating intense electron pulses, since loss of zirconium 

oxide that inevitably occurs at extreme temperatures is mostly limited to the tip. Diffusion from adjacent 

areas can therefore rapidly replenish the zirconium oxide layer on the end facet. In contrast, heating 

the entire emitter to extreme temperatures would remove zirconium oxide from its whole surface, thus 

making operation impossible. 
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 7 

 

The electron yield and pulse shape are sensitive to the alignment of the laser. This is evident in Fig. 4a, 

which displays the number of electrons emitted per pulse as the laser beam is being rastered over the 

emitter by means of the piezo-controlled mirror (see Fig. 1b; 100 µs laser pulses at 0.2 W, with the 

emitter temperature lowered to 1400 K, so that no emission occurs without laser). For reference, the 

orientation of the emitter is indicated above the plot, together with the directions in which the laser beam 

is scanned. The electron yield roughly maps out the profile of the emitter, with the conical body faintly 

visible on the left, and the tip marked by an intense maximum in the center. This maximum appears 

elongated, with a FWHM of 218 μm along the emitter axis, and 17 μm orthogonal to it. Since the tip of 

the emitter is small (430 nm radius), we infer that the laser beam diameter at the emitter is about 17 μm 

FWHM. As the laser is scanned towards the emitter body, it has to heat up a larger volume, which 

results in a lower temperature of the end facet and thus a lower emission current. For the same reason, 

we also observe slower rise and fall times with the laser aligned to the conical part of the emitter. We 

conclude that a fast response of the emitter as well as large peak currents are obtained with the laser 

focus centered near the tip. Under such conditions, the laser spot size can be easily minimized by 

monitoring the emission current. When we change the length of the beam expanding telescope (see 

Fig. 1b), the peak current goes through a maximum (Fig. 4b), which indicates optimum focusing 

conditions. Focusing the laser as tightly as possible is desirable in order to obtain the most localized 

heating and thus the fastest thermal response of the emitter. 

 

In the future, we envision adding a beam blanker21 to our microscope in order to chop the laser boosted 

electron beam into pulses of desired duration. The generation of intense microsecond electron pulses 

from a field emitter promises to enable atomic-resolution single-shot33,34 as well as stroboscopic imaging 

of fast processes occurring on the microsecond timescale. A particular appeal of such an approach lies 

in the fact that it would allow one to align and operate the microscope under standard conditions and 

then switch on the fly to pulsed operation with a laser boosted electron beam. The laser power should 

be chosen based on the desired application. For single-shot imaging or stroboscopic imaging with a 

limited number of electron pulses, it is desirable to extract the largest number of electrons and therefore 

use the highest laser power. Pulsed operation over extended periods of time may require reducing the 

laser power in order to limit the removal or zirconia from the end facet. Finally, we note that emission 
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 8 

currents can also be further increased by raising the extraction voltage, which, however, will reduce the 

lifetime of the emitter. 
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Figure captions 

 

Figure 1. Illustration of the experimental setup. (a) Geometry of the emitter assembly. Operating 

voltages are indicated relative to the emitter. (b) The emission current is boosted by heating the tip of 

the emitter with microsecond laser pulses. 

 

Figure 2. Generation of intense electron pulses. (a) Temporal evolution of the electron probe current 

(blue) when the emitter tip is illuminated with 100 µs laser pulses (red). (b) Peak probe current as a 

function of laser power. (c) Measurement of the long-term stability of the peak probe current at high 

repetition rate (0.39 W, 100 µs pulses, 1 kHz). 

 

Figure 3. Simulation of the temperature evolution of the emitter under laser illumination. (a) Surface 

temperature of the emitter after illumination with a 100 μs laser pulse. The laser beam (17 μm FWHM) 

is indicated with a green arrow. (b) Temperature evolution of the emitting surface (blue) during 

illumination with a 100 μs laser pulse (red). 

 

Figure 4. Electron yield as a function of the laser focus position and beam diameter. (a) Number of 

electrons as a function of the laser focus position. The orientation of the emitter is illustrated above the 

plot. (b) Peak probe current as a function of the length of the beam expanding telescope (see Fig. 1b). 
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