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ABSTRACT

A femtosecond plasma imaging modality based on a new development of ultrafast electron microscope is introduced. We investigated the
laser-induced formation of high-temperature electron microplasmas and their subsequent non-equilibrium evolution. Based on a straightfor-
ward field imaging principle, we directly retrieve detailed information about the plasma dynamics, including plasma wave structures, particle
densities, and temperatures. We discover that directly subjected to a strong magnetic field, the photo-generated microplasmas manifest in
novel transient cyclotron echoes and form new wave states across a broad range of field strengths and different laser fluences. Intriguingly,
the transient cyclotron waves morph into a higher frequency upper-hybrid wave mode with the dephasing of local cyclotron dynamics. The
quantitative real-space characterizations of the non-equilibrium plasma systems demonstrate the feasibilities of a new microscope system in
studying the plasma dynamics or transient electric fields with high spatiotemporal resolutions.

VC 2020 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/). https://doi.org/10.1063/4.0000044

I. INTRODUCTION

Incorporating femtosecond electron pulses into electron micro-
scopes has enabled ultrafast electron microscopy (UEM) of solids and
macromolecules with unprecedented temporal resolutions.1–4 With
their ingrained field sensitivity to the local electrodynamics, ultrafast
electron imaging of plasma matters or the metamaterials represents
yet another frontier.5–11 In particular, retrofitting high-brightness elec-
tron sources into a UEM system may boost the sensitivity for resolving
dynamics on the fs–nm scale. While probing transient plasma fields
with an electron beam is a well-known technique,12–16 the direct field
imaging approach with high spatial resolution is envisioned to have
direct implications in microplasma diagnostics and probing ultrafast
charge transport dynamics across material interfaces, such as electron
motion in microcavity plasma and nanoscale vacuum channel elec-
tronics,5–7 local field enhancement,8 plasmon-induced hot carrier gen-
eration,9 strong-field photoemission,10 and quantum tunneling.17

As an ultimate many-body system with long-range interactions,
plasma hosts a variety of instabilities and plasma wave modes.18,19

Mitigating the instability growth and controlling plasma waves have
been central in designing advanced accelerators with high-density
beams20,21 and systems for magnetic or inertial confinement

fusion.22,23 On the other hand, there have also been important
recent progresses in identifying new forms of plasma instabilities
and wave excitations in extreme settings (temperature, density, or
magnetic field) of both the laboratory18,23 and space plasmas.24,25

Understanding the transient nonlinear plasma dynamics and how
plasma waves evolve from initial conditions is of fundamental
importance to both the basic physics and advanced technological
developments. In a dilute setting, the cyclotron waves occur under
a strong magnetic field as effective conduits for transporting par-
ticles and energy,19 whereas hybrid modes emerging in high-
density systems and at high temperatures22,26 become acute in
strongly confined miniaturized plasma sources. Despite extensive
studies, the excitation process of the upper hybrid waves and the
temporal evolution of the wave dynamics are not adequately
understood. While relying heavily on sophisticated numerical sim-
ulations,27 experimental capabilities of directly observing and
probing plasmas are critical in studying the non-equilibrium pro-
cesses of plasma evolution and its associated initial conditions,
such as instability seedings and the dynamical structures.

Here, we report the study of laser-induced electron plasmas from
copper grid surfaces under magnetic field and their subsequent
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non-equilibrium evolution by a radio frequency (RF) compressed
UEM with high-brightness electron sources. We developed a straight-
forward imaging approach to extract the dynamical electric field pro-
file of plasma and quantitatively determine the density modulations,
wave modes and frequencies, particle number, and effective tempera-
ture. The key finding is that the bunched energetic plasma emissions
under a magnetic field manifest in cyclotron echoes and induce plasma
wave oscillations underpinned by microscopically reversible cyclotron
dynamics in warm plasma systems. The relatively long decay time of
echoes features the weakly collisional nature and the ability of the
laser-generated plasma to support new wave modes out of equilibrium.
We show that the spontaneously generated plasma waves finally turn
into the upper-hybrid modes expected of a magnetized plasma under
an equilibrium condition and are magnetically tunable over a

cyclotron dephasing time. This work represents a prototype for dem-
onstrating the robustness of an ultrafast field-imaging protocol for
extracting the dynamical field profile from micro-structured plasma
objects.

II. EXPERIMENTAL APPROACH
A. UEM setup

The experiments were performed in a new UEM system. To
implement ultrafast imaging, key modifications are made in a Hitachi
H800 transmission electron microscope (TEM) to outfit it into a
UEM, as outlined in Fig. 1(a). In a significant departure from the ear-
lier approach,1 the new UEM reported here employs a high-flux
photo-electron gun, operated near the virtual cathode limit, to boost

FIG. 1. Ultrafast electron microscope system for imaging plasma dynamics. (a) Schematic of the UEM system. (b) Scale-up view of the specimen chamber showing the inci-
dent pump laser (red) for generating the plasmas (purple) and the probe electron beam (green). (c) Ray diagram depicting the transmitted probe beam to cast a shadow of the
copper grid onto the CCD screen, with black and red rays representing the trajectories without and with the plasma field present. For details, see the text.
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the beam brightness.28 To gain sensitivity to the field, low-energy
beams (25 keV) and �105 electrons/pulse at 10 kHz are employed.
The spatiotemporal resolutions are optimized utilizing an RF cavity
functioning as a longitudinal focusing lens.29,30 With the set initial
pulse parameters at the cathode, a pulse duration of �100 fs is accom-
plished at the object plane with pulse compression by RF cavity; alter-
natively, via minimizing the energy spread (1.3 eV), �10nm spatial
resolution can be achieved; see the supplementary material Fig. 3. For
imaging the dynamics, we use an optical stage to define the delay (t)
sequences following the pump–probe protocols.1

Here, the micro-structured plasma sources are conveniently gen-
erated from the top surfaces of the copper grid held within the objec-
tive pole pieces upon pump laser (�50 fs, 800 nm) incidence along the
optical axis (z); see Fig. 1(b). The relatively large footprint of the
Gaussian laser profile (sigma-width rr � 110lm) initially creates a
perforated thin disk of plasma cloud. To study the magnetically con-
fined plasmas, we set up the magnetic field (B ¼ 0–1T) by applying a
current (Iobj) to the objective lens of the TEM.

B. Imaging field profile

The modulation of the probe beam coming off the specimen by
the plasmas (corresponding to a transverse momentum transfer dp)
creates the necessary contrast to image the plasma fields. To maintain
the sensitivity to probe dp for imaging plasmas, we operate the micro-
scope in the out-of-focus mode.31 A simplified ray diagram illustrating
the processes is presented in Fig. 1(c), where we use r and R to repre-
sent the coordinates of the plasma and the image formed at the CCD.
More details about the projection system, which controls the magnifi-
cationM and the images with several lenses, are elaborated in the sup-
plementary material. The copper grid is optically thick; hence, the out-
of-focus mode setting effectively casts a shadow of the grid onto the
CCD. The field effects, or dp introduced locally, are examined via
comparing the patterns formed under the field perturbations with the
one (reference frame, t< 0) formed without the fields present. In Fig.
1(c), we use rays in black and red to describe the respective unper-
turbed and perturbed image formation, where the difference between
the two describes the displacement vector D Rð Þ. Experimentally, the
displacement vector is determined by fitting edges of the grid bar
images before and after applying laser pulses using an error function.
We can easily show (for details, see the supplementary material) that
the D Rð Þ is directly proportional to dp rð Þ under a mapping R ¼ Mr
regardless of the optical settings,

D ¼ dp
P0

Lcam; (1)

where P0 represents the beam momentum and Lcam represents the
specimen-camera distance. Given the small profile size along z (Dz),
the relevant dynamics is averaged out over the short transit time
(�1 ps) of the probe, and the displacement vector D Rð Þ is mainly sen-
sitive to the electric field in the transverse directions,

Er r; tð Þ ¼ C1D R; tð Þ (2)

with C1 ¼ P0Ve
eLcamDz, where Ve represents beam velocity; see the

supplementary material for details. The important advantage of our
approach is the direct field imaging assisted by mesh-indexing based
on Eq. (2), which does not depend on the details of the TEM imaging

optics that involve the objective (to provide B) and several projection
lenses.

C. Characterizing plasma size

We anticipate that the plasma clouds generated here adopt a
broad energy distribution. This is informed by multiple empirical data
of photoemission obtained from grid surfaces.32,33 While several
effects (the initial states, nonequilibrium electrons, and the space
charges) are attributed to the energy broadening from multiphoton
ionization and optical field tunneling,10,17,34,35 for the purpose of
modeling here, we treat the earlier results with the thermal
Maxwell–Boltzmann (MB) distribution to deduce the effective Te. We
show that the MB model captures the experimental spectra very well
and deduce Te of 5500 and 12 200K under the laser intensity P of
1� 109 and 1.2� 1011 W/cm2, respectively; see Ref. 32 and the data
reproduced in the supplementary material. Since here we target P �
1012 W/cm2, we expect even higher Te to be developed.

We assume that the MB plasma cloud generated here has a
Gaussian profile. To construct an effective model for the thin plasma
disk emitted, we describe the density distribution in the cylindrical
coordinates,

q r; z; tð Þ ¼ ene r; z; tð Þ ¼ eNeh z; tð Þg r; tð Þ; (3)

where Ne is the total number of electrons in the plasma system. The
distribution functions along z and r directions are h z; tð Þ

¼ 1ffiffiffiffi
2p
p

rz
e
� z2

2r2z , g r; tð Þ ¼ 1
2pr2

r
e
� r2

2r2r , where rz and rr are the correspond-

ing width in each direction. At a given delay t, the displacement profile
is mapped via dpr under a plasma field Er z; r; tð Þ. For a Gaussian dis-
tribution, we obtain

Er z; r; tð Þ ¼
eNeh z; tð Þ
2pe0r

1� e
� r2

2r2r

� �
(4)

with e0 representing the vacuum permittivity. Then, the momentum
transfer is calculated through dpr ¼

Ð zþ
z�

eEr z; r; tð Þdt: As the plasma
is largely bound within 62rz , i.e.,

Ð 2rz

�2rz
h zð Þdz � 1, we integrate out

the z-dependence over the short transit time of the probe (maximally
a few ps; see the supplementary material Table I) and derive from Eqs.
(2) and (4)

D Rð Þ ¼ C2Ne 1� e
� r2

2r2r

� �
=r (5)

with Ne the total number of electrons in the system and

C2 ¼ e2Lcam
2pe0cmeV2

0
, where e0, c, and me represent the vacuum permittivity,

relativistic Lorentz factor, and the electron rest mass, respectively.
The collective wave responses can be extracted from Eq. (5).

Since Ne is conserved, the plasma density modulations must be con-
veyed through the modulations in rr (see the supplementary material),
which is effectively a longitudinal (Langmuir) wave with

rr tð Þ ¼ rr0 tð Þ þ rp cos 2pfpt þ /
� �

; (6)

where rp; fp, and / are the amplitude, frequency, and phase angle of
the plasma oscillation, respectively. The rr0 tð Þ term describes the non-
oscillatory plasma expansion, which, for practical purposes here, can
be expressed as
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rr0 tð Þ ¼ Aþ v0t (7)

with v0 representing the expansion velocity.

III. RESULTS AND ANALYSIS

The freedom to provide a broad range of magnification in our
UEM system allows field imaging of plasma dynamics at different
scales.

A. Collective plasma wave dynamics

We first examine the collective responses that span the entire
plasmas using a relatively low magnification (M� 30–50). The experi-
ments are set at F¼ 42 mJ/cm2 and B¼ 0.078 T. The difference image
deduced from comparing plasma-on (t> 0) and plasma-off (t< 0)
images, i.e., DI R; tð Þ ¼ I R; tð Þ � I R; t < 0ð Þ presented in Fig. 2(a)
with t¼ 450 ps, shows a clear radial pattern of vector displacement
D R; tð Þ. The vector electric fields conveniently tracked at mesh inter-
connects computed by applying Eq. (2) are marked by the red arrows.
The maximum transverse electric field here is �0.2MV/m. Such dis-
placement and field patterns, conveniently tracked at grid’s shadow

edges, exhibit the features of radial breathing oscillation along the
direction of R, which one can follow at different delays; see the supple-
mentary material Fig. 9. Figure 2(b) shows the results of D R; tð Þ

�� �� at
210, 330, and 450 ps mapping to the object plane. The cusp-like
profiles in Dj j plotted here provide a measure of plasma transverse size
directly based on the ridge-to-ridge distance (dD¼ 3.17 rr). Here, the
data can be well fitted with analytical profiles (solid lines) based on
Eq. (5) to get the plasma width rr ¼ 2116 2, 1536 2, and 866 2lm,
respectively. This demonstrates that indeed the MB Gaussian model
describes the plasma profiles well. We then extend this approach to
the entire observation time window. The oscillations D R; tð Þ are now
directly mapped into the source plane (r) in terms of rr tð Þ, as depicted
in Fig. 2(c), which are well described by Eq. (6) based on longitudinal
(Langmuir) oscillations. We also capture the expansion of the plasma
cloud according to Eq. (7). The expansion starts at a higher velocity
vi ¼ 1.2� 106 m/s reflecting a strongly space-charge-driven dynamics
initially; see the inset. The velocity then rapidly decreases in just 100 ps
and turns into a terminal speed of v0 ¼ 6� 103 m/s. The sharp turn-
around showcases the magnetic confinement in the system that effec-
tively redirects the space-charge-driven dynamics into plasma

FIG. 2. Plasma profile evolution. (a) Typical difference image of the grid (450 ps) showing the edge displacement D and reconstructed electric field (marked by red arrows)
along radial directions. (b) Extracted displacement profiles at t¼ 210, 330, and 450 ps. The ridge-to-ridge distance (dD ¼ 3.17 rr ) is proportional to the transverse plasma
size. The solid lines show the fits with plasma width rr of 2116 2, 1536 2 and 866 2 lm, respectively. (c) Dynamics indicating plasma oscillations, where the blue baseline
shows a slow plasma cloud expansion under magnetic confinement. The inset shows the initial space-charge-driven expansion at a much higher velocity. All data here were
obtained at F¼ 42 mJ/cm2 and B¼ 0.0776 T.
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oscillations. We note that the results obtained here are deduced by
keeping Ne ¼ 2.25� 106 as constant in the fitting, with the exception
of the first 20 ps where the Ne increases with time. This indicates that
after 20 ps, the plasma cloud is entirely detached from the grid
surfaces.

The longitudinal breathing mode identified here is directly cou-
pled to a density oscillation (see the supplementary material), which
are expected to associate with the density (ne)-dependent plasma fre-

quency fp ¼ e
2p

ffiffiffiffiffiffiffi
ne
mee0

q
. Curiously, here the wave mode (50–700 ps)

tracks very well with the cyclotron frequency fc ¼ eB
2pme

independent of

ne. To understand how magnetized plasma cloud transforms into
plasma waves, we systematically investigate the plasma wave responses
at different magnetic fields while keeping F as constant (25 mJ/cm2),
as reported in Fig. 3(a). It clearly shows that the gradual reduction of
both the oscillation amplitude and the mean plasma size is solely
linked to an increasing B, while the impulsive initiation of the plasma
cloud shown in the first 100 ps evolution by Coulomb repulsion
remains unchanged—this is a remarkable demonstration of our field-
imaging protocol amidst the significant change in B that alters the
imaging optics entirely. We confirm that, in all confined cases, the ini-
tial density oscillation frequency is consistent with fc, indicating
that the initial plasma wave is directly caused by the magnetic confine-
ment underpinned by the particle cyclotron motions. To see how the
system evolves without the confinement, we single out the B¼ 0 case

in Fig. 3(b). The cloud continues to expand well beyond its initial
size and eventually reaches a steady state where the expansion is
no longer driven by Coulomb explosion but by the internal velocity
dispersion of the cloud. The unconfined expansion here highlights
the impulsive initiation by the space charges that when held under
a strong magnetic field transforms into collective responses in
wave instabilities.

While in all confined cases the initial oscillation frequency is con-
sistent with fc, the oscillations shift to a new higher frequency mode at
the late stage. This is more closely examined through the fittings out-
lined in Fig. 3(c), where we determine the new wave modes to be at
2.75 and 2.58GHz, increased from the initial fc at 2.53 and 2.17GHz
at two fluences (25 and 42 mJ/cm2). A rational explanation is that the
higher frequency mode is in fact the upper-hybrid modes at

fuh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2p þ f 2c

q
, anticipated from a warm magnetized system under

the steady-state condition.19 Following this, we fit the data obtained at
two different fluences with a model (thick red solid line) that assumes
that the decay of the initial cyclotron wave at fc (thin blue dashed line)
is directly coupled with the rise of the new hybrid wave mode at fuh
(thin green solid line) at a time constant s (1/e). The experimental
data are fitted (in red sold line) with

Dr tð Þ ¼ Ac sin 2pfc þ /cð Þe�t
s þ Auh sin 2pfuh þ /uhð Þ 1� e�

t
sð Þ;
(8)

FIG. 3. Transformations of plasma Langmuir oscillations into upper-hybrid resonance waves. (a) Plasma oscillations at F¼ 25 mJ/cm2 under different magnetic fields. (b)
Expansion of plasma cloud at F¼ 25 mJ/cm2 without magnetic field. (c) The transition of plasma oscillations into upper-hybrid waves at two laser fluences. The inset summa-
rizes the Te deduced from different laser intensities (P) based on Ref. 32 (solid symbols) and the studies here (open symbols). The experimental data are fitted (in red solid
line) with Dr tð Þ ¼ Ac sin 2pfc þ /cð Þe� t

s þ Auh sin 2pfuh þ /uhð Þ 1� e�
t
sð Þ, where Ai and /i represent the amplitude and phase of the two plasma waves, respectively. The

dashed blue line and solid green line outline the decay and the rise of the waves at fc and fuh with the same time constant s, respectively.
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where Ai and /i represent the amplitude and phase of the two plasma
waves, respectively. s is determined to be 6006100 and 7006150 ps,
respectively. Hence, our measurements witness a delicate non-
equilibrium process that transforms an initial system dominated by
the particle-like dynamics to a more stable magnetized plasma wave at
the hybrid frequency, in which the intriguing initial plasma wave state
is a transition state.

To verify that the eventual state is indeed the upper-hybrid
mode, we calculate fp from fuh under this assumption and deduce the
electron density ne ½¼ mee0 2pfp=e

� �2�—a technique widely used to
survey ne of space plasmas.25,26 We determine fp ¼ 1:16 0.1GHz for
the waves at F¼ 25 mJ/cm2, hence a ne of 1.560.3� 1016 m�3. To
independently find out ne, we resort to the time-of-flight data in Fig.
3(b), where the terminal velocity v0 ¼ 2.560.5� 105 m/s reflects a
thermal expansion, which we apply to deduce the unconfined rz at the
relevant late stage (see the supplementary material). Based on the well-
defined protocol [see Eq. (5)], we deduce the Ne and rr directly from
the experimental profiles, and with the rz obtained here, we determine
the ne ¼ 1.760.4� 1016 m�3. The two ne values do agree reasonably
well, thus affirming that the eventual state is the upper-hybrid wave
expected of the plasma density.

For describing the behavior from a broad energy distribution, we
estimate the effective temperature of the plasma Te to be �25 000K,
by treating the system with a Maxwell–Boltzmann (MB) distribution

where the flux velocity vF ¼ 0:282 2kBTe
me

� �1=2
(see the supplementary

material). The Te determined here is consistent with other studies that
also show a broad energy distribution in the emitted electrons from
grid surfaces upon intense laser irradiation.32,33 The results are fitted
empirically with the MB distribution to estimate Te in these systems;
see Ref. 33 and the data fitting32 reproduced in the supplementary
material and plotted in the inset of Fig. 3(c).

B. Initial plasma seeding dynamics and cyclotron echo

After tackling the collective wave responses that span the entire
plasmas at a later time, it is essential to understand the initial local
seeding process of plasmas and how it evolves into the transient cyclo-
tron wave state. Here, we decrease the field of view by a factor of 10
(M¼ 500) and focus on a single mesh cell. At the early stage, the
pulsed microplasma emission is initiated by the pulsed irradiation and
assisted by the near-surface space-charge repulsion for launching into
free space. We anticipate the pulse to be stretched by the velocity dis-
persion developed during the emission as shown previously.16,36 Here,
the random directions and broad energy distribution of the emitted
electrons allow the pulsed microplasmas expand into the free space
above the mesh cell and be captured by the electron imaging tech-
nique, as depicted in Fig. 4(a). The results, as presented in the left

FIG. 4. Local plasma dynamics and cyclotron bunching echoes. (a) Schematic diagram showing the plasma lensing engineered by the local inhomogeneous fields from the
photoemitted microplasmas at the early stage. (b) Time-resolved images (subtracted by the negative frame, left panel) and reconstructed local plasma evolution (sky blue, right
panel) in the early stage. The dashed square represents the edge of the mesh cell with a width (l) of 37lm. (c) The evolution of normalized intensity Itr;c at the center region.
The peaking time sp and inflection time si characterize the initial evolution (0–50 ps) for results obtained with different pump fluences (F) and hole sizes (l). The echoes of the
initial intensity maximum are obtained at the period sc . (d) Cartoon depiction of cyclotron rebunching. The dashed lines show the individual particle cyclotron trajectories with
different initial velocities (arrows and colors represent direction and amplitude). The locations of the particles are tracked with blue dots. Over the period sc , the electrons return
to the initial locations of the bunched emission. Here, t0 ¼ t0�sp. (e) The frequency deduced from (1/sc) as a function of B provided through the objective lens current (Iobj).
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panels of Fig. 4(b), show such dynamics using the difference images,
DI X;Y ; tð Þ ¼ I X;Y ; tð Þ � I X;Y ; t < 0ð Þ, focusing at the early delays
(t¼ 0–30 ps). Hot spots (as those colored in red) are observed initially
at the cell corners, reflective of the inhomogeneous initial microplasma
emissions preferentially from the side surfaces of the grid rather than
at the interconnects. Based on the understanding of the optics posed
by the plasma fields [see Fig. 4(a) and the supplementary material for
more details], the transient profiles of the microplasmas are recon-
structed in the right panels (sky blue). As the microplasmas extend
into the hole region, the hot spots move toward the center. The
increased repulsion brings the crossover point of the transmitted rays
to the image plane [Fig. 4(a)], resulting in a strong plasma lensing
effect at sp � 12 ps.

We can replicate such dynamical lensing profiles using different
pump fluences (F) or different sizes of mesh hole (l). A simple way to
track the evolution is by examining the intensity at the center of the
mesh hole, Itr;c tð Þ, which are plotted in Fig. 4(c). The general evolution
is characterized by a rapid rise of Itr;c followed by a �3 times slower
decay. The rise and decay of Itr;c tð Þ here reflect the focusing and defo-
cusing of the probing beam that take place as the microplasma fronts
gradually close in the cell. At sp, the local fields focus the beam at the
CCD; whereas at the inflection point si, the focusing effect has
decreased and so Itr;c is mainly driven by the collective plasma dynam-
ics in a largely smooth field profiles, as indicated in Fig. 4(b). For the
specific setting (l¼ 37lm, F¼ 42 mJ/cm2), we identify sp� 13 ps and
si� 35 ps. By raising F to 134 mJ/cm2, we obtain shorter timescales in
sp (�8.5 ps) and si ð�23.5 ps), indicating the increased expansion
velocities due to higher density of space charges that more effectively
propel the microplasma bunches into the free space. More interest-
ingly, it is further demonstrated that sp and si both scale linearly with
the cell size (l) and the different Itr;c tð Þ obtained under the same F can
collapse into a single curve. The latter implies that the dynamics within
the cell are self-similar on the different l scales; see the supplementary
material for complete data analyses.

Applying a constant magnetic field (B), we observe intriguing
revivals of the plasma lensing effect at an interval sc, as shown on
the right side of Fig. 4(c). As the lensing effect is specifically tai-
lored by the inhomogeneous profiles at microplasma seeding, this
means the plasma dynamics under the magnetic field retains the
memory of the initial conditions. This interesting phenomenon
can be understood by that, despite the different trajectories the
particles undertake in the ensuing cyclotron motions, the particle
systems must return to their initial positions after the cyclotron
period sc ¼ 1

fc
, where under a homogeneous B field the cyclotron

frequency fc is the same for all particles. Locally due to Coulomb
repulsion, the microplasma bunches are launched into the free
space with a boosted center-of-mass (CoM) velocity from all sides
of the cell and establish the strong signal Itr;c at first. Then, the
micro-bunches at their individual CoM frames will undergo circu-
lar cyclotron motion perpendicular to the static B field. However,
the velocity dispersion from the thermal broadening effect spreads
the trajectories of particles within the micro-bunches. This
causes the Itr;c signal to decay rapidly and establishes a more
homogeneous cloud. At F¼ 42 mJ/cm2, the CoM speed of the
micro-bunches (vCoM � 0.5� 106 m/s) gives a mean cyclotron
orbit radius rc� 40lm under B¼ 0.078 T (see the supplementary
material), much smaller than the plasma cloud transverse size

(FWHM) of �340 lm. We point out that the magnetic field associ-
ated with the returning currents is negligible (<10�5 T) compared
to the applied field. Hence, we expect the dispersed particles to re-
approach each other precisely following the cyclotron period, caus-
ing rebunching at sc ¼ 1=fc.

The cartoons in Fig. 4(d) depict the processes starting from the
time (t0 ¼ t� sp ¼ 0) when the particles are initially bunched to estab-
lish the strong signal Itr;c. Here, we portray the particles with the blue
dots. To capture the different initial velocities of the bunched emis-
sions, four sets of cyclotron trajectories are plotted at two different
radii. Such velocity dispersion leads to a quick decay in the signal
as the particles move further away from each other from t0 ¼ 0 to
t0 ¼ sc/2. However, the particles re-approach each other after t0 ¼ sc/2,
resulting in rebunching at a period sc ¼ 1=fc. We confirm the experi-
mental observations here to be entirely mediated by the cyclotron
motions. This is supported by the results from an exhaustive survey of
cyclotron echo dynamics, which indicates conclusively that 1=sc
depends linearly on B regardless of F, as illustrated in Fig. 4(e). We
note that recently Zandi et al.11 reported a very similar periodic lensing
effect, using a much smaller beam size (22lm in FWHM), where the
cyclotron motion will go far beyond the initial plasma size, and is
expected to be a pure electron cyclotron oscillation. Indeed, they
observed a long-lived (>2 ns) oscillation without frequency evolution.

The echoing Itr;c observed here is reminiscent of the plasma and
cyclotron echoes in studying the afterglow plasmas.37–39 Given the
echoes can only survive when the microscopic phases of the periodic
motions can be reconstructed, it is a powerful way to determine the
microscopic dephasing time of the plasma systems.40 From the decay
of Itr;c presented in Fig. 4(c), we obtain a dephasing time �700 ps,
which is very similar to the decay time of the initial cyclotron wave
observed.

IV. SUMMARY AND OUTLOOK

In summary, we have demonstrated the multi-faceted capa-
bilities of the new plasma imaging method using a UEM, which
allows us to discover a novel cyclotron echo phenomenon and the
staged non-linear wave mixing to set up the hybrid modes in the
non-equilibrium system. Macroscopically, we find that the photo-
emitted electrons from micro-structured surfaces rapidly expand
into a plasma disk and develop a transient cyclotron wave state
under a strong magnetic field. Microscopically, the microplasma
ejections form persistent cyclotron currents, which sustain the
transient wave state over the dephasing time. The non-
equilibrium cyclotron wave state here is a precursor state of the
upper-hybrid resonance mode, which appears when the coherent
mode is thermalized with the background gases and loses the
granular features as observed in the decay of the echo signals.
Future work is needed to elaborate on the particle–wave interac-
tions relevant to the cyclotron dephasing, the wave generations,
and the thermalization dynamics. These may be accomplished
through informed theoretical analyses building on the conditions
outlined by the current results and improved experiments target-
ing these problems.

From the technical perspective, the use of lower energy electrons
(here 25 keV, which is nearly an order of magnitude smaller than the
beam energy in a commercial TEM) is advantageous in gaining the
field sensitivity. Ultimately, the image resolution is limited by the

Structural Dynamics ARTICLE scitation.org/journal/sdy

Struct. Dyn. 7, 064301 (2020); doi: 10.1063/4.0000044 7, 064301-7

VC Author(s) 2020

https://www.scitation.org/doi/suppl/10.1063/4.0000044
https://www.scitation.org/doi/suppl/10.1063/4.0000044
https://www.scitation.org/doi/suppl/10.1063/4.0000044
https://www.scitation.org/doi/suppl/10.1063/4.0000044
https://www.scitation.org/doi/suppl/10.1063/4.0000044
https://scitation.org/journal/sdy


probe beam transverse emittance, which is estimated to be
�0.02mm�mrad.28 This gives a resolution at least on the 10nm scale,
as demonstrated by charactering the step-edge of the mesh; see the
supplementary material. Time-compression of the pulses to 100 fs,
however, leads to increased energy spread degrading the resolution to
�100nm. Reducing particle numbers in the electron pulses will
decrease both the transverse and longitudinal emittances, leading to
better performance at the cost of beam flux. We, thus, envision the
highly flexible beam parameters and robust field-imaging protocol as
demonstrated here to be very useful in efforts of directly resolving the
fs/nm scale phenomena essential for studying microplasmas (or plas-
mons) and field-active devices impacting many areas,5–7,9,13 where
dynamics initiated by the ultrashort laser pulses can be extremely
short-lived but driven with higher local field/energy density.

SUPPLEMENTARY MATERIAL

See the supplementary material for the electron optics settings,
expansion of Maxwellian electron clouds, effective temperatures of
photo-emitted electrons at high laser intensities, imaging plasma seed-
ing dynamics, imaging collective plasma dynamics, and imaging
plasma oscillations.
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