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Abstract

Achieving a few-femtosecond (fs) temporal resolution in electron diffraction and electron
microscopy is essential for directly tracking the electronic processes and the fastest atomic motions
in molecule and condensed matter systems. The intrinsic Coulomb interaction among electrons
broadens the pulse duration and restricts the temporal resolution. To tackle this issue, the electron
pulse compression by the time-varying electric fields at optical, THz and RF wavelengths has been
demonstrated recently. However, the Coulomb interaction still exists in the compression process
and the impact of the Coulomb interaction to the compression remains largely unaccounted for. In
this work, we quantify the impact of the Coulomb interaction and present three intrinsic
characters of Coulomb interaction in the compression process: the Coulomb interaction is
dynamically suppressed as the compression field strength rises; the electron pulse with arbitrary
kinetic energy (eV to MeV) suffers the same amount of Coulomb interaction, i.e. the Coulomb
interaction is independent on the kinetic energy in compression; the dynamical suppression of
Coulomb interaction within a single pulse gives rise to a dispersion of the temporal focus and
impedes the further compression to attosecond. Potential applications based on the revealed
characters of the Coulomb interaction in the compression process are discussed. Based on the
dynamical evolution of the Coulomb interaction, three stages are identified to describe the
compression process, which is beyond the ballistic compression model. Additionally, a robust and
noninvasive jitter correction approach matching well with the compression regime is presented
and the proof-of-principle experiment demonstrates a sub-fs accuracy.

1. Introduction

Ultrafast electron and x-ray diffractions [1, 2] provide a four-dimensional visualization of the atomic-level
structural dynamics in chemical, biological and material science by taking snapshots of transient structures
with ultrashort electron and x-ray pulses. Using these direct and ultrafast structural probes, complex phase
diagrams and structural transitions resulted from the mutual interactions among the lattice [3-5], electron
[6, 7], spin and orbital [8] can be distinguished and examined in real time. Recently the single-spike hard
x-ray pulse with a nonlinear electron pulse compression advances the temporal resolution to the 200
attosecond timescale [9]. Complementary to the ultrafast x-ray diffraction, ultrafast electron diffraction
(UED) with a beam energy ranging from hundreds of eV to a few MeV [10] has also been developed and
widely used for resolving atomic-scale structural dynamics, largely due to its relatively lower expense and
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flexible tabletop implementation. However, achieving a temporal resolution better than a few femtoseconds
(fs) for directly observing the fastest atom rearrangement even the electron dynamics in the molecules and
the condensed matter systems, is still a big challenge.

The inherent Coulomb repulsive force in an electron pulse expands the pulse duration as it moves from
the source to the sample. To mitigate the Coulomb expansion, both compact keV UED [10-14] and higher
MeV [15] beam energy UED schemes are explored in the past decades, the former minimizes the traveling
time from the source to the sample and the later utilizes the relativistic effect to shorten the pulse duration.
Alternatively, a compression regime, verified firstly in the radio frequency (RF) gun accelerator system [16],
was proposed which is termed as the ballistic compression model. The ballistic compression model gives a
general concept for the compression process that the tail electrons in a pulse gain more energy than that of
the head electrons from the compression field, and subsequently the tail electrons catch up the front
electrons at the temporal focus position, resulting a compressed and shorter pulse. The subsequent
enormous success in the community of electron pulse compression has been achieved, especially the recent
compression of electron pulses to the 10 fs level by the optical, THz and RF fields [17-31]. Notably,
concomitant with the electron pulse compression, the Coulomb interaction still exists in the compression
process, however, it was neglected in the ballistic compression model [16] and the analytical model [26].

A recent experimental study reveals that the Coulomb interaction in the compression process can induce
the elongation of temporal focus and give rise to a jitter amplification effect [31], which cannot be
accounted for by the ballistic compression model [16] and the analytical model [26]. A modified model
based on the ballistic compression model, which involves the Coulomb interaction qualitatively in the
compression process, has been proposed recently [28, 29]. This modified model, which is named as the
energy transformation model in this work, treats the compression as a reverse process of the Coulomb
expansion in the free propagation. It assumes that the energy chirp gained from the compression field
transforms to the Coulomb potential energy at the temporal focus, mimicking the initial state right after the
photoemission. However, a recent experimental study [30] reveals that there is no such significant energy
transformation at the temporal focus. Moreover, the energy transformation model indicates a compression
back to the duration of the photoemission laser [28], thus it fails in depicting a drastic compression
scenario where the electron pulse is compressed to far below the pulse duration of the photoemission laser.
Therefore, it is necessary to revisit the compression regime by taking into account the Coulomb interaction
for an elaborate control of electron pulses, in particular for compressing electron pulses to the attosecond
timescale.

Besides the pulse duration, the timing jitter between the pump laser and the compressed electron pulse
also contributes significantly to the overall temporal resolution. The phase and the amplitude fluctuations
of the compression field change the kinetic energy of the electron pulse and the energy shift will in turn
change the arrival time of the electron pulse relative to the pump laser at the sample position. An accurate
long term synchronization with sub-10 fs root mean square (RMS) jitter between the laser oscillator and the
electron pulse has been achieved recently [32, 33]. The additive timing jitter from the regenerative amplifier
[34], the fluctuations of the RF power, the environment temperature and the humidity will degenerate the
precision of this synchronization in high-charge electron pulse compression [30, 35-37]. By compensating
the phase shift in the RF cavity, a long term synchronization (<50 fs RMS) has been reported in the
compression of 10° electrons [38]. Indeed, even in the compression with THz field, where the
synchronization between the electron pulse and the THz pulse is inherently guaranteed, a 4 fs RMS jitter
arises [23]. A promising approach, which can effectively correct the aforementioned overall jitter, is the post
processing by time stamping. Such jitter correction approaches have been explored in both x-ray FEL
[39, 40] and UED [32, 41, 42] communities. However, these approaches, either introducing distortion in
the diffraction pattern [41] or cannot be readily extended to high-charge electron pulse compression setup
[32]. A more general, robust and non-invasive jitter correction approach with high enough precision is in
demand.

In this work, we reveal three intrinsic characters of the Coulomb interaction in the compression process
by precise numerical simulations and analytical analyses. We have identified three stages to describe the
dynamical evolution of the Coulomb interaction in the compression process, which is beyond the ballistic
compression model. In combination with a novel sub-fs jitter correction approach, our work will shed light
on improving the temporal resolution to a few fss and even attosecond timescales in probing with electrons
with arbitrary kinetic energies.

2. Dynamical suppression of the Coulomb interaction in the compression process

The layout of the RF compression UED is shown in figure 1(a), and more details regarding this system can
be found elsewhere [31]. The initial electron pulse contains 10°~10° electrons with a duration of 90 fs
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Figure 1. (a) The layout of the RF-compression UED and the jitter correction approach. The photoelectron pulses are
accelerated to 100-200 kV and collimated by the magnetic lens, and then compressed by the compression cavity. The dynamics
sample is placed at the temporal focus position. At variable time delays, diffraction patterns are recorded by the first CCD
camera. The unscattered zero order beam passes through the center holes of the screen and the reflection mirror, is then
diffracted by the jitter correction sample. The static diffraction pattern for jitter correction is recorded by the second CCD
camera. (b) The schematic of the jitter correction approach. The energy of the compressed electron pulse is sensitive to the phase
and amplitude jitters under a strong compression field. The energy shift of the electron pulse can be determined by fitting the
change of the diffraction peak position of the jitter correction sample. Then the phase jitter is retrieved from the static diffraction
pattern. Here is an alternative layout that one CCD camera records both the diffraction patterns from the jitter correction sample
and the dynamics sample.

Table 1. Summary of the parameters and the simulation results in the text.

Parameters Case 1 Case 2 Case 3
Electrons per pulse 10° 10° 0.5 x 10°
Electron pulse energy 100 kV 100 kV 200 kV
Duration before compression (RMS) 495 fs 240 fs 360 fs
Distance between photocathode and cavity 12 cm 7 cm 8 cm
RF field strength 53kVmm~'  168kVmm™' 33.6kVmm!
Distance from cavity to temporal focus 6.1 cm 1.6 cm 2.6 cm
Electron pulse duration (RMS) 16.3 fs 4.1-6.1fs 7.6 fs
Transverse spotsize (RMS) 156 um 115 pm 176 pm
Transverse coherence 1.7 nm 1.0 nm 1.2 nm
Wavelength spread (from RMS energy spread) 0.21% 0.38% 0.40%
Divergence 0.15 mrad 0.41 mrad 0.31 mrad
Jitter amplification factor 1.77 1.32 1.22
Jitter correction precision 2.46fs 0.78 fs 0.39fs

(FWHM). The energy spread of the electron pulse is 0.1 eV and the transverse spotsize is 100 m RMS with
a Gaussian distribution. The electron pulse is accelerated to 100—-200 keV by a static field strength of 10 kV
mm!, then the magnetic lens focuses and collimates the electron pulse into the RF compression cavity.
The RF cavity operates in the TMg;o mode with the central frequency of 3.2 GHz [31]. The beam dynamics
during the propagation is simulated by general particle tracer [43] with a 3D space charge model. The 3D
configurations and dimensions of the RF compression cavity and the magnetic lens are from actual
elements in our home-made UED system [31], and the electric and magnetic field distributions produced
by these elements are calculated by Poisson Superfish [44]. The initial parameters and the simulation results
for three selected cases are summarized in table 1. Comparing with case 1, the pulse duration is further
compressed to 6.1 fs RMS in case 2 with a shorter distance of 7 cm between the photocathode and the
compression cavity. The shorter distance suppresses the degeneration of the compression ability from the
nonlinear curvature of the compression field [21, 27]. Figure 2(a) shows the evolution of the electron pulse
duration as a function of the propagation distance at different RF field strength under the case 2 condition.
With a compression field of 16.8 kV mm~!, the pulse duration is compressed to the minimum rapidly to a
shorter duration than that of the initial pulse. The relative energy spread of 0.38% in case 2 is on the same
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Figure 2. The dynamical suppression and the energy independence of Coulomb interaction in compression. (a) The pulse
duration as a function of the propagation distance and the compression field strength in case 2 of table 1. The dotted line
represents the initial electron pulse duration around the photocathode. (b) The impact factor (red balls) and the temporal focus
position (blue balls) as a function of the compression field strength. The dark blue balls and the light blue balls denote the
evolution from the analytical model and the numerical simulation respectively. The dotted vertical line indicates the peak
position of the track of the impact factor. (c) The evolution of the pulse duration and the normalized AEATt as field strength
increasing. The value AEAt denotes the required energy spread AE for compression to a finite pulse duration At. (d) The
schematic illustration of the three stages in the compression of electron pulse. CI is the abbreviation of the Coulomb interaction.
The dotted line indicates the ideal condition that the impact factor is 1. (e) An exemplify of the energy independence of the
coulomb interaction in compression. By a THz compression at surface of photocathode, the electron pulse containing 10°
electrons is compressed to ~6 fs RMS with the kinetic energy of 150 eV and a temporal focus of 15 pm.

level as that in the moderate compression [28, 31, 35]. The transverse spotsize at the temporal focus
position is 100-200 pm RMS, meeting the general requirement in UED experiment. In addition, the
simulation results indicate that the strong Coulomb force does not give rise to a significant emittance
growth in this drastic compression as shown in table 1 and the transverse coherence length of 1-2 nm
retains the initial value at the photoemission.

Generally, the Coulomb interaction make the compression deviate from the analytical model [26, 45]
where the Coulomb interaction is neglected. A typical problematic-parameter is the temporal focus
distance. A recent study [31] shows that the Coulomb interaction extends the temporal focus distances to
2-3 times larger than that calculated by the analytical model. Here we take the ratio between the
experimental (or simulated) temporal focus distance and the analytical temporal focus distance as the
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impact factor to quantify the impact of Coulomb interaction on the compression process. The temporal
focus distances from the simulation (considering the Coulomb interaction) and the analytical model
(neglecting the Coulomb interaction) [26] are Sy, and su,q respectively. The ratio Sep/Sanar is defined as the
impact factor. Figure 2(b) summarizes the results. s,u. declines monotonically while s, climbs up firstly
then declines. The evolution trace of the impact factor (red balls) goes up firstly then drops as the field
strength increases and finally the impact factor approaches to 1. The initial climbing of the impact factor
indicates that the Coulomb interaction impedes the compression and more kinetic energy transforms to the
potential energy among electrons. The subsequent decline by further increasing the field strength suggests a
suppression of the impact of the Coulomb interaction in compression. At a field strength of 16.8 kV mm ™!,
3.1% (11.8 eV) of the kinetic energy chirp transforms to the potential energy as shown in figure 2(b), which
is significantly smaller than that of 57.2% (94.7 eV) at the field strength of 7.2 kV mm ™. The nearly
switching off of the energy transformation suggests a transition from the stage of Coulomb interaction
domination to the stage of impressive Coulomb interaction suppression. A recent work on the ultrafast
electron microscopy also shows that the energy spread preserves at the temporal focus plane under the
strong compression [30]. To avoid the impact of the transverse distribution to the longitudinal
compression, the transverse spotsize and the divergence of the electron pulse are kept at the same value in
the numerical simulations by tuning the current of the magnetic lens. The conservation of the phase space
in single-electron pulse compression indicates AEAt is constant and equal to the initial value at the
photoemission. By taking into account the Coulomb interaction, the descending of AEAt by one order of
magnitude in figure 2(c) denotes less energy spread AE is required for the compression to a smaller pulse
duration At, which coincides with the suppression of Coulomb interaction by increasing the compression
field strength. Note that this suppression effect is pervasive in both the moderate compression [31] and the
drastic compression discussed here.

In regard to the mechanism of the suppression of the Coulomb interaction, we discuss in two aspects,
namely the Coulomb force and the temporal focus distance. We calculated the longitudinal electric field
distributions of the electron pulse before the compression and at the temporal focus by numerical
simulations as shown in the appendix A. We find that, in the compression process, the longitudinal
distribution of the electric field is nearly unchanged and is independent of the pulse duration. In the
analytical model [21, 46], the Coulomb field scales as Ez o< /L, where ( is the longitudinal position of the
electron inside an electron pulse and L is the pulse length. The static distribution of the Coulomb field Ez is
hence constant and independent on the pulse length, which coincides with the simulation results. As the
compression field strength increases, the large velocity chirp shortens the temporal focus distance as shown
in figures 2(a) and (b). The combination of the constant Coulomb field and the reduced temporal focus
distance (shorter travel time) reduces the overall Coulomb interaction and gives rise to the dynamical
suppression effect of the Coulomb interaction.

Based on the dynamical suppression of the Coulomb interaction, we identify three stages in the electron
pulse compression as shown in figure 2(d). The first stage is a Coulomb interaction dominated compression
with a low compression field strength, where a large amount of the energy chirp transforms to the Coulomb
potential energy. In the second stage, the Coulomb interaction is dynamically suppressed as the
compression field strength increases. The energy transformation nearly switches off in the third stage and
the compression of high-charge electron pulse approaches the single-electron pulse compression regime.
The widely used moderate compression [31] belongs to the second stage while the drastic compression of
the electron pulse duration to far below the duration of the photoemission laser in this work belongs to the
third stage.

3. The energy independence of the Coulomb interaction in compression

Both the Coulomb force and the temporal focus distance are related to the kinetic energy of electron pulse,
while the dependence of the Coulomb interaction on energy is not clear. If neglecting the Coulomb
interaction, the relative position shift Al of two particles along the longitudinal direction can be given by
Al=[; % dz integrating from the position of compression field (i.e. z = 0) to the temporal focus position
(i.e. z =), where § and Af represent the average velocity and the velocity difference [21]. The linear term
of the Taylor expansion of % is 3%;%, where v and A~ represent the average energy and the energy spread
in terms of the relativistic Lorentz factor, then

Al~ [ 2L gz (1)
0 v

The average velocity 8 and the average energy « will not change in the compression process. So
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where s = 53+, involving the contribution from 3 and +. In this case, dz’ oc 3*7°. As shown in
figure 2(b), the Coulomb interaction prolonged temporal focus distance s, is just larger than the
analytically calculated s, by less than three times. So the proportion dz’ o 32+° still holds under the
impact of the Coulomb interaction. The relativistic effect diminishes the Coulomb force by

F. = qE./mc*B*y* (page 296 in reference [47]), where q and m are the electron charge and the mass
respectively and E, is the Coulomb electric field. Then

Fooc 377770 (3)

During the compression, the Coulomb interaction does not change /3 and . Under this circumstance, the
Coulomb interaction (CI) integrating Coulomb force within temporal focus distance, i.e. CI = |, OS / F.d7, is
energy-independent. The physical scenario is that, with a definite compression ratio, the electron pulse with
the low kinetic energy and the high static Coulomb force goes to the very close temporal focus position
promptly, while the electron pulse with the high kinetic energy and the low static Coulomb force goes a
long distance to the temporal focus position. Therefore, both the low and the high energy electron pulses
undergo an equivalent Coulomb interaction when propagating to their respective temporal focuses.

To testify this energy independence, we perform a simulation of THz compression of low energy
electrons and results are shown in figure 2(g). The single-cycle THz field with the frequency of 0.1 THz is
positioned at the photocathode surface to maintain the compression at the low kinetic energy. The electron
pulse containing 10° electrons is accelerated by both the DC field and the single-cycle THz field. A linear
part of the THz field with the field strength of 10 kV mm™! is selected to introduce the energy chirp on the
electron pulse. The initial 30 fs RMS pulse duration is compressed to ~6 fs RMS at the 15 pm position after
the photocathode. The kinetic energy of the electron pulse is ~150 eV and the energy spread induced by the
THz field is ~0.27 eV at the temporal focus. Recently, a simulation on the laser pulse shaping induced
electron pulse self-compression shows that a compression finishes within one micrometer [17] (notice that
the horizontal axis in figure 3(d) in this paper should be pm as depicted in the text). In this study, the
electron pulse containing 2 x 10* electrons is compressed to several fss while the kinetic energy is still below
1 eV. These two examples of compressing ultralow energy electron pulses unambiguously evidence the
energy independence of Coulomb interaction in compression. In other words, the eV and MeV electron
pulses suffer the same amount of Coulomb interaction in the compression process.

4. The microscale suppression of the Coulomb interaction within an electron pulse

Though the Coulomb interaction is dynamically suppressed, the decline of the pulse duration slows down
gradually as shown in figure 2(c). The compressed pulse duration keeps nearly unchanged by further
increasing the compression field strength to 16 kV mm™! and above. Figure 3(a) presents the longitudinal
phase space (B, vs T) at the temporal focus position with a radial color coding. From the inner to the outer
radius, the corresponding electrons go through the under-compression (blue dots), the compression

(green dots) and the over-compression (red dots). The inner radius electrons with a high density suffer
larger Coulomb repulsive force, inducing a longer temporal focus distance than that of the outer radius. The
inset in figure 3(a) shows the temporal distribution of 8 segments separated along radial direction. Each
segment represents 12.5% of total electrons. From the outer to the inner radius, the temporal distribution
of each segment changes from 10 fs RMS to 4 fs RMS. However, even for the centermost electrons, the 4 fs
RMS distribution is comparable to the 6.1 fs RMS distribution of all electrons. So the transverse
distribution influences the compression ability but does not play a decisive role. Electrons on the same
radius form an S-shape distribution in the longitudinal direction, such as the blue dots in figure 3(a), where
the head and the tail electrons are crossing (i.e. over-compression) while the center electrons are still
under-compression. The S-shape distribution exists pervasively in compressed MeV electron pulses

[9, 21, 27, 48, 49]. We have clearly shown in figure 2(b) that the overall Coulomb interaction that an
electron pulse suffers in compression is dynamically suppressed by increasing the compression field
strength. As an analogy, within the electron pulse, the head (tail) electrons with higher energy spread may
suffer less Coulomb interaction than that of the center electrons in the compression process. Based on this
concept, we propose a microscale suppression of the Coulomb interaction within a single pulse to explain
the S-shape distribution and the degeneration of the compression ability. The schematic is shown in
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Figure 3. The limitation of the compression ability by the dynamical suppression of Coulomb interaction in single pulse. (a) At
the temporal focus position of case 2, the distribution of the normalized longitudinal velocity B, (i.e. v,/c) with the arrival time
T. The electrons are color-coded from the inner (the blue) to the outer radius (the red). The inset is the temporal distribution of
the electrons from inner to outer radius, which is separated into 8 segments equally. (b) The schematic of the degeneration of the
compression ability by the dynamical suppression of Coulomb interaction in single pulse. The front (tail) electrons loss (gain)
more energy from compression field than that of the center electrons (in the left figure), then the front (tail) electrons suffer less
Coulomb interaction in the compression. A fractional temporal focus is formed in single pulse (in the right figure) where the
temporal focus of the front and tail electrons is shorter than that of the center electrons.

figure 3(b). The front (tail) electrons loss (gain) more kinetic energy from the compression field than that
of the center electrons, therefore these electrons suffer less Coulomb interaction than that of the center
electrons in the compression process. As a consequence, a fractional temporal focus is formed in single
pulse where the temporal focus distance of the front and tail electrons is shorter than that of the center
electrons, giving rise to the S shape distribution and a significant degeneration of the compression ability.

Note that the previous studies [21, 28, 48] seek for a linear Coulomb field distribution in three
dimensions and attribute the degeneration of the compression ability to the nonlinear Coulomb force and
the nonlinear energy chirp. The dynamical suppression of the Coulomb interaction in microscale in single
pulse deviates the compression from the ideal linear concept and provides a new perspective to view the
compression ability. The microscale suppression effect may associate with the mechanism of the nonlinear
time-energy compression in single-spike x-ray pulses [9]. Besides the microscale suppression effect, a high
order nonlinear term of the compression field [21] may play a minor role in contributing to the S-shape
phase space. Tuning the electron density and phase space can compensate the microscale suppression effect
and enable a further compression to attosecond, which will be explored in future work.

5. Stamping the timing jitter by recording statistic diffraction patterns

The phase jitter and the amplitude jitter of the compression field accelerate or decelerate electron pulses.
The corresponding energy change can be accurately determined by fitting the Bragg peak position in a
diffraction pattern. We present a jitter correction approach by taking statistic diffraction patterns and the
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jitter at the sample position. The linear ratio, i.e. the jitter amplification factor, is 1.32.

two schemes are shown in figures 1(a) and (b) respectively. In figure 1(a), the first CCD camera records the
time-resolved diffraction information of the dynamical sample. The zero order (or unscattered) electrons,
passing through the center holes on the screen and the reflection mirror, are diffracted by the jitter
correction sample. The static diffraction pattern from the jitter correction sample is recorded by the second
CCD camera for stamping the jitter of each shot. This jitter correction approach is non-invasive by
recording the jitter and the dynamical structure information at the same time but on different CCD
cameras. In figure 1(b), one CCD camera records both the diffraction patterns from the dynamical sample
and the jitter correction sample on the same image. We test the jitter correction approach by the following
simulation and experiment. The compression condition of case 1 in table 1 is taken as an example. The
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phase jitter of the compression field will transfer linearly to the kinetic energy change of the electron pulse
by a ratio of 1.22 eV fs~! as shown in figure 4(a). For conditions of case 2 and case 3, the linear ratios are
3.87 eV fs~! and 7.73 eV fs~! respectively. Figure 4(b) depicts the linearly dependence of the electron wave
length (AM/A) on the kinetic energy of electron pulse. As a consequence, the phase jitter changes the
wavelength of the electron pulse linearly. For a static electron diffraction pattern, the Bragg peak position R
on the screen is proportional to the electron de Broglie wavelength X as:

R=1L\/d (4)

where R is the distance from the unscattered center spot to the diffraction spot or ring on the camera, d is
the interplanar spacing, L is the distance between the sample and the camera. Therefore, the Bragg peak
position shifts linearly with the electron wavelength in the formula. Combining with the linear relationship
between phase jitter and wavelength, we illustrate the linear dependence of Bragg peak position on the
phase jitter of compression field. A proof-of-principle experiment was carried out on our compact UED
system [12]. The sample is a thin film poly-crystalline phase change material Ge,Sb,Tes in the rock-salt
phase with a thickness of 15 nm. The typical diffraction pattern and the radially averaged 1D intensity
curves at the DC voltage of 69.7 kV and 70 kV are shown in figure 4(c). As tuning the DC voltage linearly,
the peak position of (220) presents a linear shift as shown in figure 4(d). The ratio between the electron
pulse energy change and the peak position shift is 0.005 pixel/eV and the standard deviation (std) of the
fitted peak position is <0.015 pixel. So the energy resolution in this case is better than 3 eV (std). In
accordance with the linear ratio of 1.22 eV fs~! in case 1, 3.87 eV fs~! in case 2, and 7.73 eV fs~! in case 3,
the jitter correction precision (std) is better than 2.46 fs, 0.78 fs and 0.39 fs respectively. Notice that the
impact of the <1 eV voltage ripple from the DC voltage source (Heinzinger PNChp series) can be excluded
in this measurement.

In the above measurement, about 10® electrons were accumulated for each image to obtain a high
signal-to-noise ratio. In contrast, the compressed pulse of 10° electrons in case 2 will not provide sufficient
number of electrons per pulse to retain both the few-fs pulse duration and the sub-fs jitter stamping. To
maintain the precision of the time stamping, besides further increasing the electron number, an alternative
way is to scatter more electrons by increasing the thickness of the jitter correction sample. In addition,
single crystalline film will benefit the signal-to-noise ratio of which a diffraction pattern is composed of
isolated bright spots rather than Debye—Scherrer rings in poly-crystal. A proper choose of the type of the
material for jitter correction which can scatter more electrons and a direct electron detection camera with
higher detective efficiency [50] are also helpful. Besides stamping the jitter shot by shot, the long-term drift
can also be stamped in the accumulation mode, in particular for the electron pulse compression by the THz
[23, 51] and the laser field [52] where the synchronization is intrinsic but perturbed by the environment in
a short timescale.

We also simulated the impact of the phase (and the amplitude) jitter to the compression ability and the
results are presented as follow. In the compression condition of case 2, a 300 fs phase shift yields a negligible
variation of the compressed pulse duration from ~6 fs RMS to ~7 fs RMS at the fixed temporal focus
position, as shown in figure 4(e) (the black balls). A 200 fs phase shift of the compression field will
introduce a ~0.3% change of the diffraction peak position in case 2, which needs to be noticed in a precise
measurement such as the transient peak position change by laser excitation. Nevertheless, this jitter induced
peak position fluctuation can be readily corrected by the abovementioned jitter correction approach. The
stamped jitter derives from the energy fluctuation of the electron pulse so it represents the phase and the
amplitude jitter of the compression field. The arrival timing jitter of the electron pulse at the sample
position is always larger than the phase jitter due to the Coulomb interaction during the compression,
dubbed as the jitter amplification effect [31]. As shown in figure 4(e), the jitter amplification factor, i.e. the
slope of the red spots, is 1.32, which suggests that the arrival timing jitter at the sample position is 1.32
times larger than the RF phase jitter. Overall, the drastic compression is robust and not sensitive to the
phase and amplitude jitters of the compression field.

6. Discussion and conclusions

By taking into account the dynamical suppression of the Coulomb interaction, we identify three stages for
describing the compression process. Several points are worth mentioning based on the three stages in
electron pulse compression. Firstly, the Coulomb interaction virtually produce no deterioration on the
compression till to the drastic compression regime. The misleading ‘adverse effect’ of Coulomb interaction
on compression ability [19, 24] is derived from inappropriate experimental operations. Measuring the
compressed pulse duration at fixed field strength [19] or fixed temporal focus position [24] is improper on
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characterizing the compression ability, because the Coulomb interaction introduces an energy chirp before
the compression which alters the requiring field strength and the temporal focus position significantly in
the subsequent compression. Secondly, the puzzling transformation of the phase space in energy and time
in reference [30] can be well described by the dynamical suppression effect of the Coulomb interaction and
the identified three stages in electron pulse compression. Thirdly, the dynamical suppression of Coulomb
interaction in the compression process potentially lowers the increase of the transverse emittance and may
inspire the exploration on the compression of ultracold electron pulses [53]. The identified three stages for
describing the electron pulse compression is beyond the ballistic compression model and the energy
transformation model in three aspects: the first is that the Coulomb interaction and the dynamical
evolution of the Coulomb interaction are involved; the second is that it can be used to describe the drastic
compression; the third is that it well depicts the switching off of the energy transformation [30] and the
jitter amplification effect [31].

We discuss two potential applications and advancements based on the revealed three characters of the
Coulomb interaction in compression. One is the drastic compression of the low energy electron pulse. As
the Coulomb interaction is energy independent, i.e. the eV and MeV electron pulse suffer the same amount
of the Coulomb interaction for a defined compression ratio, eV electron pulse holds the same compression
ability as that of the conventional keV and MeV electron pulses. The compressed low energy electron pulse
can be used to probe surface chemistry [54] and two-dimensional material system [55] in the back
scattering and the transmission mode. The other one is the drastic compression to the Fourier limit. The
dynamical suppression of the Coulomb interaction indicates that with the drastic compression, the
Coulomb interaction introduces a negligible impact to the energy chirp gained from the compression field,
i.e. the compression approaches the single-electron compression regime as depicted in the three stages of
electron pulse compression. Moreover, in figure 2(e), the energy spread of 0.27 eV and the pulse duration of
6 fs at the temporal focus position enable a Fourier-limited electron pulse, i.e. AEAt ~ h/2, a time
bandwidth product near the Fourier transform limit. The Fourier-limited electron pulse will benefit the
electron energy loss spectroscopy with meV—fs resolution in study of the bonding dynamics [56]. Finally,
we discuss the impact of our work on the Coulomb interaction to the field of electron pulse compression.
The recent advancement shows that attosecond pulse trains have been achieved by the optical field
compression [57—-60], however, most studies focus on the compression of single-electron pulse, avoiding
the Coulomb interaction. Our work on quantifying the impact of Coulomb interaction in electron pulse
compression provides a general physical scenario in extending the microbunched pulse trains to the
multi-electron microbunching regime.

In this work, a deep insight into the Coulomb interaction and three characters in the compression of
electron pulse are presented. The dynamical suppression and the energy independence of the Coulomb
interaction indicate a real manipulation of the Coulomb interaction by compression. Three stages are
identified for describing the compression process, which is beyond the ballistic compression model. The
reveal of the microscale suppression of the Coulomb interaction and the noninvasive jitter correction
approach shed light on improving the temporal resolution to a few fss and attosecond in probing with
electrons with arbitrary kinetic energy.
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Appendix A. The Coulomb field distribution in single pulse before and after
compression

We discuss the electric field distribution before and after the compression. Fig. Al(a) shows the linear
distribution of the electric field fEz along the longitudinal direction before compression in single
electron pulse in case 2. At the temporal focus position, the std (fEz) and the sum (fEz) of the electron
pulse compressed to 6.1 fs RMS by field strength of 16.8 kV mm™! in figure A1(c) are comparable to
that of the compression to ~40 fs RMS by the field strength of 7.2 kV mm ™" in figure A1(b). More

10



I0P Publishing

New J. Phys. 22 (2020) 093004 Y Qi et al

Figure Al. (a) The Coulomb force distributions along the longitudinal direction in single electron pulse at the position before

the compression cavity. (b) The Coulomb force distribution along the longitudinal direction at the temporal focus position. The
compression field strength is 7.2 kV mm . (c) The Coulomb force distribution along the longitudinal direction at the temporal
focus position. The compression field strength is 16.8 kV mm
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generally, the longitudinal distribution of the electric field is nearly constant and independent on the
pulse duration.
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