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The space charge effect has been clearly observed in the energy distributions of picosecond pulse

beams from a spin-polarized electron microscope, and was found to depend upon the quantity of

charge per pulse. The non-linear phenomena associated with this effect have also been replicated in

beam simulations that take into account of a three-dimensional space charge. The results show that a

charge of 500 aC/pulse provides the highest brightness with a 16-ps pulse duration, a 30-keV beam

energy, and an emission spot of 1.8 lm. Furthermore, the degeneracy of the wave packet of the

pulsed electron beam has been evaluated to be 1.6� 10�5 with a charge of 100 aC/pulse, which is

higher than that for a continuously emitted electron beam despite the low beam energy of 30 keV.

The high degeneracy and high brightness contribute to the realization of high temporal and energy

resolutions in low-voltage electron microscopy, which will serve to reduce radiolysis damage and

enhance scattering contrast. VC 2016 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4955457]

Narrow energy spreads of electron beams contribute to

higher energy resolution in electron energy-loss spectros-

copy (EELS) and reduction of chromatic aberration.1 Such

energy spreads are also important for the temporal coherence

of an electron wavepacket.2 A narrow electron beam line-

width is usually realized using a monochromatic filter

applied to the illumination system of a transmission electron

microscope (TEM).3 The narrowest achieved energy spread

of 9 meV has been demonstrated by combining a cold field

emission gun and an alpha-type monochromator, which

improved the energy resolution of the EELS and allowed the

observation of phonon scattering with fast electrons.4 A

spin-polarized electron beam emitted from a semiconductor

photocathode with a negative electron affinity surface also

has a narrow linewidth due to the extraction process.5 A

narrow linewidth of 112 meV with a high wavepacket degen-

eracy of 1.6� 10�6 results in high brightness and long tem-

poral coherence simultaneously, meaning that the brightness

in a certain energy window is higher than that in a cold field

emitter.6

In contrast, a time-resolved measurement in electron

microscopy is realized by an ultrashort-pulse electron

beam, which can be used to obtain not only real space

images and EELS but also reciprocal space information.7–12

Stroboscopic detection in the time-resolved measurement is

usually applied to reversible phenomena due to the necessi-

ties of reliability and precise repetition. In the case of irre-

versible phenomena, e.g., structure changing, bond breaking,

or phase transitions, a single-shot imaging technique is used

to capture a moment in the course of these reactions.13,14 In

the single-shot imaging process, the amount of charge in

a pulse is important for ensuring fast temporal resolution

and sufficient image contrast. However, the space charge

effect suppresses the amount of charge due to the repulsive

Coulomb force under high charge density, which makes the

spread wider in both transverse and longitudinal momentum

space.15–17 Specifically, the broadening of the energy spread

is termed the Boersch effect, which leads to the degradation

of the energy resolution and an increase in chromatic

aberration.18

Pulse beam emission and measurements of the energy

distributions were conducted in a spin-polarized TEM

(SP-TEM) with an ultrashort-pulse laser. The cathode used

was a semiconductor photocathode, which had a GaAs-

GaAsP-strained superlattice structure in the active layer, to

control the spin polarization and the temporal structure of

the emitted electron beam. The photocathode had a maxi-

mum polarization of about 90% at a wavelength of 780 nm

due to the selective excitation of spin-polarized electrons at

the bandgap energy of 1.58 eV.19 A drive laser with a diame-

ter of 1.8 lm was focused on the photocathode surface. The

pulsed electron beam emitted from the photocathode surface

was accelerated to a voltage of 30 kV over a traveled dis-

tance of 8 mm.20 The pulsed laser had a central wavelength

of 780 nm, 99% circular polarization, a repetition frequency

of 80 MHz, and a 16-ps pulse duration created by selecting

out a wavelength from a femtosecond mode-locked laser

to reduce the bandwidth of the frequency and broaden the

pulse duration.21 The intensity of the pulse laser was tuned

continuously by a polarized beam splitter and a half-wave

plate. The pulse duration of the laser was measured by opti-

cal interferometric autocorrelation with a non-linear crystal.a)kuwahara@imass.nagoya-u.ac.jp
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In contrast, the pulse duration of the electron beam was

measured by a combination of ultrafast electric deflectors

and an imaging sensor, which allowed the temporal space

to be converted into position space.22,23 The energy distribu-

tions of the electron pulse beams were measured by an

electron energy spectrometer equipped downstream of the

electron beam trajectory of the TEM.

The energy distribution of the pulsed electron beam was

investigated for different charge quantities with a laser pulse

duration of 16 ps, which is a significant specification for time-

resolved (TR) TEM and TR-EELS. The charge of each electron

pulse was set to range from 10 aC to 10 fC by tuning the power

of the drive laser. For each charge value, the energy distribution

was measured by the energy spectrometer with an exposure

time of 1 s, over which 8� 107 pulses occurred. Figure 1 shows

the energy spectrum of the pulsed electron beam for several

charge series; for a small charge of 10 aC/pulse, the energy

spread had a full width at half maximum (FWHM) of only

0.4 eV. The narrow energy spread obtained with the picosecond

pulse duration could realize a high energy resolution and a high

temporal resolution simultaneously in TR-EELS. The result

also demonstrates that the photocathode could generate a high-

charge density electron beam (e.g., 10 fC/pulse) with a tiny

emission spot size of 1.8 lm.

However, as the charge was increased, the energy spread

of the electron beam was observed to broaden. Additionally,

the central peak was separated into two peaks. Finally, for the

10 fC/pulse, the energy spread increased to an FWHM of

20 eV. Figure 2 shows the energy width of the pulsed electron

beam as a function of the charge per pulse. The increment in

energy space reveals a non-linear correlation with the charge,

which is a clear demonstration of the Boersch effect. The

broadening of the energy spread did not depend on the num-

ber of cross-over points of the accelerated electron beam.

Therefore, the Boersch effect mainly occurs in the accelera-

tion region between the photocathode and the anode.5

An electron beam simulation revealed that the charge-

dependence of the energy width broadening is due to the space

charge effect. The simulation was used to investigate the non-

linear effect of the energy spread broadening in a region of

high charge, taking into account the space charge effect and an

actual electric field in the electron gun of the SP-TEM. The

simulation code used was General Particle Tracer, based on a

charged particle model. The simulation results are presented in

Fig. 2 as solid colored lines. The blue and green solid lines

show simulated energy widths with and without the space

charge effect, respectively. Figure 3(a) shows the charge series

of the evaluated energy distributions in real space after a

FIG. 1. The experimental results for the electron energy distribution for

several charge quantities per pulse as a function of the electron energy. The

vertical axis indicates the electron count number measured by an imaging

sensor. The horizontal axis indicates the difference from the central beam

energy of 30 keV.

FIG. 2. The energy width of a pulsed electron beam as a function of the

quantity of charge per pulse. The vertical axis indicates the energy width at

full width at half maximum (FWHM) of the electron count number as meas-

ured by an imaging sensor. The red circles with error bars show the experi-

mental data. The blue and green solid lines show the simulation data with

and without taking into account the space charge effect, respectively.

FIG. 3. (a) Particle distributions in the real space of a simulated pulse elec-

tron beam. The color mapping indicates the energy difference from the cen-

tral beam energy. (b) The simulated energy spectrum converted from part

(a) of the figure as a function of the electron energy, shown as difference

from the central beam energy of 30 keV. The vertical axis shows the count

number for individual electron energies.
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250-ps travel time from the photocathode surface. The color

indicates the beam energy separation from the central beam

energy in each macroparticle. The transverse beam size also

grew at the center as the charge increased. The higher-energy

part of the forward region of the electron beam pulse was accel-

erated by the repulsive force of Coulomb interaction, and vice

versa. Figure 3(b) shows the energy spectrum propagated from

the data of Fig. 3(a) in comparison with the experimental spec-

trum of Fig. 1. The energy distribution supports the features of

the experimental data and the two peaks created by the repul-

sive force due to the space charge effect. It appears that there is

a trade-off relation between high-contrast single-shot TEM

imaging and the high energy resolution of EELS.

To determine the appropriate conditions for TR-TEM and

TR-EELS, the brightness and degeneracy of an electron wave

packet were examined. Brightness is a useful parameter not only

for adjusting the image contrast of TEM but also for extracting

phase information. Moreover, the degeneracy is the filling

rate of quantum coherence volume per cell volume h3 in a phase

space consisting of three real spaces and three momentum

spaces; degeneracy is a significant parameter for the brightness

of a monochromated electron beam and intensity interference.

The brightness of the pulsed electron beam is described as

B ¼ c2 � 1
� � eN

�nx�nys
¼ c2 � 1
� �

Bn; (1)

where N and e are the electron number and electron charge,

�nx and �ny are the normalized emittances in Cartesian coordi-

nates, and s and c are the temporal width of a pulse beam

and a Lorentz factor, respectively. Bn is a normalized bright-

ness that does not depend on the beam energy.24 The degen-

eracy is defined as

d ¼ h3N

2�nx�ny�nz m0cð Þ3
; (2)

where h and m0 are the Planck’s constant and electron mass,

respectively. �nz is the normalized emittance in the longitudi-

nal direction; if the normalized longitudinal-emittance, �nz,

is equivalent to sDE/(m0c), where DE is the energy spread of

an electron beam, degeneracy d can be described as Bnh3=
ðem2

0c2DEÞ. Note that the degeneracy is proportional to the

brightness per electron energy spread.6

Figure 4 shows the charge-dependence of the brightness at

a beam energy of 30 keV, as well as the degeneracy calculated

by the simulation code for a charged particle model involving

the space charge effect. The brightness increases with the

charge; however, the relation between the brightness and

charge is non-linear in the high-charge region because of the

degradation of the transverse emittance due to the repulsive

force (the transverse space charge effect). The brightness has

broad peak at around 500 aC/pulse. In contrast, the degeneracy

also has a peak at 100 aC/pulse, which is lower than that

associated with the brightness. The peak shift between the

brightness and the degeneracy is due to the degradation of

the energy spread compared with that of the transverse space

charge effect, which occurs strongly even in low-charge

regions. The abrupt decrease in the region above 60 fC/pulse is

caused by a long pulse length in the longitudinal direction that

is longer than the acceleration space due to the strong repulsive

force. The use of the highest degeneracy is appropriate for

TR-EELS in single-shot imaging or the generation of a mono-

chromated probe beam. The figure also shows that the pulsed

TEM can provide a highest degeneracy of 1.6� 10�5 at

100 aC/pulse, which is higher than that for a cold field-emission

source under continuous operation.25,26 This highly degenerate

wave packet is effective for an intensity-interference experi-

ment in SP-TEM, because an anti-bunching effect in the

second-order correlation function depends on the degeneracy

and the spin polarization.6 Furthermore, a pulsed electron beam

in SP-TEM with regular repetition will increase the signal-to-

noise ratio due to a reduction in the noise level of non-counting

intervals.21,22 The spin-polarized electrons extracted from a

semiconductor photocathode with a negative electron affinity

surface have sufficient coherence to provide first-order interfer-

ence and are expected to generate a second-order interference

because of their high degeneracy.

The non-linear phenomena associated with the longitudi-

nal space charge effect (Boersch effect) have been clarified by

quantitative evaluation and comparison with simulated energy

distributions. The highest possible brightness of the pulsed

electron beam, which can be used to achieve a short exposure

time or a small cumulative number of shots for multiple-shot

imaging in pump-probe measurements, was also estimated.

The shortened acquisition time suppressed some problems

with mechanical instabilities and time jitter between the pump

laser and probe beam, leading to a more precise measurement

in terms of both temporal and spatial resolution. The bright-

ness per unit energy was also evaluated using the degeneracy

of the wave packet in pulse operation, which allowed determi-

nation of the most appropriate conditions for TR-EELS with a

monochromatic filter. It was revealed that an improvement in

the degeneracy could be realized by the pulse operation. The

high brightness and high degeneracy of a pulsed electron

beam with a low beam energy of 30 keV will contribute not

only to time-resolved imaging but also to higher scattering

contrasts and reductions in radiolysis damage in analytical

methods using electron probe beams.27
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