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We show that a high-energy electron bunch can be used to capture the instantaneous longitudinal
and transverse field structures of the highly transient, microscopic, laser-excited relativistic wake
with femtosecond resolution. The spatio-temporal evolution of wakefields in a plasma density up-
ramp is measured and the reversal of the plasma wake, where the wake wavelength at a particular
point in space increases until the wake disappears completely only to reappear at a later time but
propagating in the opposite direction, is observed for the first time by using this new technique.

Relativistic wakes produced by intense laser or charged
particle beams propagating through plasmas are being
considered as accelerators[1, 2] for next generation of
colliders[3] and coherent light sources[4]. The phase ve-
locity of the wake is nearly the speed of light c and
the longitudinal electric field can be orders of magnitude
larger than that in conventional accelerators[1, 2]. Such
wakes in uniform density plasmas have been shown to ac-
celerate electrons and positrons to several gigaelectron-
volts (GeV)[5–11], with a few percent energy spread[9–
11] and a high wake-to-beam energy transfer efficiency[8].
To optimize both the efficiency and the energy spread
of the accelerated beam, accurate information about the
field structure of the wake is needed. This is difficult be-
cause the wakes are microscopic, highly transient and
relativistic. Also wakes in density gradients are im-
portant for controlled injection[12, 13] and alleviating
dephasing[14].

In previous studies, optical methods such as frequency
domain interferometry[15], Faraday rotation effect[16,
17] and ultrafast shadowgraphy[17, 18] were used to di-
agnose the dimensions and shape of the wake in high-
density plasmas. Recently the transverse oscillations
of the drive electron beam itself were used to give
spatially integrated information about the longitudinal
variation of the fields of a highly nonlinear wake[19].
Although low-energy proton and electron beams have
been used to study the transient fields in laser-produced
plasmas[20, 21], they are not suitable for capturing rel-
ativistic plasma wakes. Electron beams generated from
a laser wakefield accelerator (LWFA) were also used to
detect the transient magnetic fields[22] in laser-produced
plasmas. No technique to-date has given instantaneous
information about both the transverse and longitudinal
distribution of the electric field of the wake. This is espe-

cially true of linear (sinusoidal) plasma wakes produced
in low-density plasmas that can accelerate both electrons
and positrons for an electron-positron collider[3].

An ultra-short, high-energy electron bunch is ideal for
quantitatively mapping the wakefield directly, since elec-
trons can be deflected by the electric field. To diagnose
the high-gradient wakes propagating at speed of light c

requires the probe electrons to have high enough energy
(γ ≫ 1), and its duration τ to be much smaller than
a plasma period (τ ≪ λp/c), which turns out to be a
few (tens of) fs for a 1019(1017) cm−3 plasma. Elec-
tron bunches generated from a laser wakefield accelerator
meet both of these requirements.

In this letter, we demonstrate for the first time that the
electric fields of a linear wake produced in a plasma with
density as low as 1017 cm−3 can be accurately mapped
in a single shot using an ultrashort, high-energy bunch of
electrons generated by a LWFA. Such low-density plas-
mas will be needed for building a single-stage 10 GeV
LWFA[23]. Furthermore, we have probed the structure
of wakefields in a density gradient for the first time. By
using this technique, a reversal of the plasma wake in a
density up-ramp is discovered.

The schematic of the concept is illustrated in Fig.1.
The experiments were carried out using the 100-TW laser
platform at National Central University, Taiwan[24]. The
relativistic electron beam is generated by focusing a 25-
TW, 40 fs (full width at half maximum, FWHM), Ti-
sapphire laser pulse to give a peak normalized vector po-
tential a0 = 2.0 into a 8×1018 cm−3 density plasma pro-
duced using a gas mixture of 95% helium and 5% nitro-
gen. The laser pulse excites a highly nonlinear wake and
accelerates ionization injected[25] electrons. The peak
energy of the probe beam fluctuates shot by shot be-
tween 60-80 MeV with an 15-MeV energy spread. The
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FIG. 1. The schematic drawing of the probing of a laser-
driven plasma wakefield using a relativistic electron beam.

charge contained in the mono-energetic peak varies be-
tween 2-10 pC. The divergence of the probe is 2 mrad
(root-mean-square, rms). The pulse length of the probe
is measured to be 1-3 fs rms[26].
After propagating through free space for 11 cm,

the probe beam intercepts at right angle a second
weaker/linear wake produced by a 4-TW, 100-fs, a0 =
0.26 Ti-sapphire laser in a variable density helium
plasma. Both plasmas are produced by ionization of the
gas emanating from supersonic gas jet nozzles with a di-
ameter of 2 mm (probe beam) and 3 mm (wake to be
probed). As the electron probe traverses the wake being
probed, some of the electrons are deflected by the intense
electric field in the wake. These deflections, which origi-
nally appear as transverse momentum modulations of the
probe beam, evolve into density modulations. The den-
sity modulated probe is detected by recording the visible
light produced by the beam impinging upon a 100 µm
thick cerium-doped yttrium aluminum garnet (Ce:YAG)
screen placed 11-42 cm downstream from the second noz-
zle. The inherent resolution of the Ce:YAG screen is
about 7 µm. The visible light is collected and trans-
mitted by a relay imaging system with a magnification
of 2.5 and a spatial resolution of 2.8 µm, then recorded
by an electron multiplying charge coupled device (EM-
CCD). A 30-µm thick aluminum foil is placed in front
of the Ce:YAG screen to block the residual laser light
and X-rays from betatron radiation. The imaging sys-
tem can be removed online so that the electron bunch
can be characterized.
An example of wakefield snapshots is shown in Fig.

2(a), with the position of the laser marked by the dashed
circle. Using this data, the density modulation of the
probe beam, δn/n0 = (n − n0)/n0 is derived and shown
in Fig. 2(b). Here n is the measured probe density, n0

is the corresponding background, which is obtained by
smoothing the data to remove the modulation induced
by the wakefield.
Useful information of the wake being probed, such as
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FIG. 2. Snapshot of the wake, the deduced electric field
structure of the wake and comparison with simulations. (a),
Raw image of the probe density n. (b), Density modulation
δn/n0. (c) and (d), The (y, z) plot of the reconstructed Ez

and Ey field respectively. (e) and (f), The axial and transverse
(z = 242 µm) lineouts of Ez respectively. (g) and (h), the ax-
ial (at y = −10 µm) and transverse (z = 300 µm) lineouts of
Ey. The blue solid lines show the experimental data, while
the red dashed lines are from simulations. The transverse li-
neouts are taken at positions where the agreement between
the simulations and the experiment is the closest. The er-
ror bars arise from the fluctuating energy, pulse width and
correlated divergence of the probe beam.

the shape and dimensions can be directly obtained from
the snapshots in Figs. 2(a) and (b). For example, the
wavelength of the wake is 65 µm, indicating a plasma
density as low as 3× 1017 cm−3. The radius of the wake
is about 10 µm (rms), corresponding to approximate one
collisionless skin depth of the plasma. The transit time
of the probe through the wake is 66 fs. However, the
time resolution is mainly determined by the length of the
probe beam (1-3 fs rms) for a linear wake as explained in
[27].
Linear wakes are almost completely electrostatic thus

the contribution of magnetic fields is negligible. There-
fore the density modulation δn/n0 is related to the elec-
tric field Ex,y,z of the wake by[27],

δn

n0

=
KτKEKθ

M

eL

βcp0
∇ ·

∫ s

−s

E(x, y, z − βEx)dx (1)

where the limits of integration ±s should be large enough
to cover the transverse extent of the wakefield. Here the
wake propagates along the z direction at a speed of βEc
and the probe traverses along the x direction; p0 = γmec
is the central momentum of the probe beam, γ is the
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Lorentz factor, e the electron charge, βc the velocity of
the probe, L the drift distance in vacuum, M the geomet-
ric magnification and Kτ , KE and Kθ are correction fac-
tors for pulse length, energy spread and correlated diver-
gence angle of the probe beam. For the plasma and probe
parameters used in this experiment, Kτ ≈ 1, KE ≈ 1 and
Kθ ≈ 0.3 (see Supplementary Material section 1, SM1 for
details).
The reconstructed fields are shown in Figs. 2(c) and

(d), for the longitudinal Ez and transverse Ey compo-
nent of the electric field respectively. To make a quan-
titative comparison, we take axial and radial lineouts of
the longitudinal and transverse fields as shown in Figs.
2(e) through (h). Since the laser is weak (a0 = 0.26)
and has a near Gaussian profile, the wake being probed
is quasi-linear and therefore the longitudinal field is ex-
pected to have a near-sinusoidal form along the z direc-
tion and a Gaussian form along the y direction[28] as
seen in the blue experimental curves in Figs. 2(e) and
(f). Furthermore Ez(y, z) obtained from the particle-in-
cell (PIC) simulation using Osiris[29] (red dashed lines)
fit both the observed longitudinal and transverse varia-
tions of the measured Ez very well. Note that the sim-
ulation used an a0 = 0.22 to account for the non-ideal
laser focal spot in the experiment (see SM2 for the de-
tails of the simulations). Figures 2(g) and (f) show the
reconstructed longitudinal and transverse variations of
the Ey field. In the longitudinal direction, the Ey field
is π/2 out of phase with the Ez field as expected for a
linear wake[28]. Meanwhile, the transverse variation of

the Ey field is of the form ye−y2/2σ2

, also in excellent
agreement with the measured Ey field. The peak accel-
erating field is 0.9± 0.4 GeV/m, in good agreement with
simulations. Moreover, the transverse field is approxi-
mately linear over ±8 µm. This linear portion is critical
for preserving the emittance of the accelerating electrons.
Although the wake measured in this experiment is in the
linear regime, this probing technique can be extended to
give qualitative features of highly nonlinear wakes[27].
We now show applications of this technique and new

phenomena it has uncovered. First, it is used to charac-
terize the density ramp of a low-density gas jet that is
otherwise extremely hard to diagnose. Second, by record-
ing the temporal evolution of the plasma wake at one z
location in a density up-ramp, we have observed that the
wavenumber of the wake at a particular position at first
decreases until the wake disappears completely only to
reappear at a later time with its phase velocity reversed
and its wavenumber now monotonically increases with
time.
Figure 3(a) shows the axial lineouts of modulated

probe density for different time delays. For these mea-
surements, the distance between the source of the probe
and the probed wake is 11 cm so only 500 µm region of
the wake could be recorded at any one time and the an-
gular jitter of the probe beam is advantageously used to

(b)(a)

FIG. 3. (a) Propagation of wakefield in an increasing plasma
density ramp. Different lines correspond to the axial lineout of
density modulation of the probe at different times. The blue
dots mark the center of the first wake period and is fitted by
the red line with a slope dz/dt = c confirming that it is also
the position of the wake-driving laser pulse. (b) The retrieved
initial density profile of the plasma density up-ramp of the gas
jet seen by the laser pulse using data in (a). Color tables in
(a) and (b) are the same. The spread in data is indicative of
the shot-to-shot reproducibility of the gas jet density profile.

capture the location of the laser pulse at different delay
times by taking a large number of shots. The wake prop-
agates from left to right through the density up-ramp.
The centers of the first wake period for each time delay
are marked by blue dots. Since the wake trails the laser
pulse that excites it, the slope of positions of these blue
dots gives the phase velocity of the wake to be the speed
of light as expected.

The wavelength of the wake shown in Fig. 3(a) can
be used to retrieve the initial density profile of the
plasma up-ramp. For the first period of the wake just
behind the laser, the wavelength of the wake is deter-
mined by the initial plasma density through λp(z) =
2πc(e2ne/ǫ0me)

−1/2, since there is not enough time for
the wake to evolve.

The retrieved initial plasma density profile is shown
in Fig. 3(b). As can be seen, the plasma density in-
creases from 7 × 1016 cm−3 to 1.1 × 1017 cm−3 in 900
µm. These densities are too low to be measured by the
frequently-used interferometer technique. This new di-
agnostic tool gives the ability to characterize such low-
density up-ramps, seen by the laser pulse that actually
excites the wake. This is important because in order
to maximize the charge throughput and minimize the
emittance growth, the accelerating bunch must be care-
fully matched from one plasma accelerator stage to the
next. This can be done in principle by employing appro-
priately designed plasma density ramps at the entrance
to and the exit from the plasma acceleration section to
properly increase/decrease the focusing force acting on
the electrons[30, 31]. Wakes produced in plasma den-
sity up-ramps may also be useful for overcoming the
dephasing[14] thereby increasing the acceleration length
to match the pump depletion length[32] of the laser
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FIG. 4. (a) Experimental wakefield snapshots at differ-
ent time delays at a particular z location with a range of
∆z = 140 µm for 0 < t(ps) < 4.6. The color tables in all the
shots have been adjusted to highlight the wake wavelength
variation. (b) Evolution of wakefield wave number k versus
time over the (detectable) lifetime of the wake for a lower
density plasma up-ramp than in (a). The blue dots are ex-
perimental measurements and the red solid line is the best
fit to the data. The open circles and red dashed line are re-
flections of the measurements and fitting curve in the time
region where k becomes negative. The axial lineouts of the
wakefield amplitude (in arbitrary units) for five different time
delays are shown in the insets.

pulse thereby increasing the energy transfer efficiency of
a LWFA. On the other hand, density down-ramps have
been suggested for controllable injection of charge into
the wake[12, 13].

The reversal of the plasma wake in a density up-ramp
is observed for the first time by recording the temporal
evolution of the wake within a small window about one
z position as shown in Fig. 4(a). One can see that the
wake wavelength λ increases with time in a density up-
ramp. This increase is not just attributable to plasma
expansion[33] which occurs over a longer timescale but
instead can be explained as follows. First, we note that a
cold plasma wake has zero group velocity and continues
to oscillate at its local plasma frequency ωp(z) after the
laser pulse has passed. The phase of the wave is given
by φ = ωp(z)(t − z/vd) where vd ≈ c is the velocity of
the drive laser pulse (the dependence of vd on ωp(z) is a
higher order effect). Therefore, ω(z, t) ≡ ∂φ/∂t = ωp(z)

and k(z, t) ≡ −∂φ/∂z = kp(z) −
∂ωp

∂z t. This relation-
ship implies that the wavenumber evolves in time ac-

cording to ∂k/∂t = −∂ωp/∂z[34]. For the up-ramp
case, ∂ωp/∂z > 0, which means ∂k/∂t < 0 therefore
the wavenumber of the wake will initially decrease with
time. For planar (1D) wakes, this happens because the
neighboring electron sheets dephase in such a way that
the local wavelength of the wake first increases until it
eventually tends towards infinity. After this time, the
wavelength of the wake begins to shorten and the phase
velocity of the wake reverses its direction. The wake
wavelength now continues to shrink until the wake can
eventually be damped by wave-particle interactions[35].
We call this phenomenon wake reversal.

We show the experimental verification of this reversal
phenomenon in Fig. 4(b). The blue dots are experi-
mental measurements of the wavenumber of the wake at
different times for 1.3 < z(mm) < 1.5. We can clearly
see that the wavenumber between 0 < t(ps) < 8 first de-
creases. Between 8 < t(ps) < 20 no wake is observed.
However, after this time the wake reappears and now its
wavenumber increases with time. The red line is an ex-
ponentially decreasing function fit to all the data. The
open circles and the dashed line are reflections of the
corresponding data (since theory has −k increasing) af-
ter the wake has reappeared. The insets in Fig. 4 show
examples of the actual measurement of the wake at 5 rep-
resentative times. Both the dots and the insets in Fig.
4(b) clearly show the disappearance and reappearance of
the wake at a later time, namely, the reversal. In our
shot-by-shot experiment the direction of the phase ve-
locity of the wake cannot be determined. Nevertheless,
according to theory the wavenumber of the wake should
become negative after the wake wavenumber goes to zero.
Plasma expansion cannot explain the observed evolu-

tion of k in Fig. 4. If the wavenumber evolves only due to
the density drop as a result of plasma expansion, it will
monotonically decrease to zero and never increase again
at a later time. However the best fit to the data shows a
deviation from a linear decrease in k with time as might
be expected if plasma density gradient ∂ωp/∂z were in-
dependent of time, indicating that the expansion of the
plasma does play some role in reducing the local density
gradient ∂ωp(t)/∂z|z over the 40 ps time window.

This wake reversal only occurs in a density up-ramp.
For the down-ramp case, ∂k/∂t > 0, which means the
wake wavenumber at a specific position monotonically
increases as a function of time, therefore no reversal can
appear. Because the peak a0 of the initially unmatched
laser pulse had become smaller due to diffraction and
pump depletion[36] after propagating through a 3 mm
plasma, no clear wakefield snapshots could be obtained
to show the wake evolution in the down-ramp. However,
both the existence of wake reversal in a density up-ramp
and its absence in a density down-ramp are confirmed in
PIC simulations (see SM3).
In conclusion, we have demonstrated the imaging of

a relativistic plasma wake with femtosecond resolution
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and the reconstruction of its field structure by utilizing
an ultra-short relativistic electron probe. A new phe-
nomenon of wake reversal in a plasma density up-ramp
is observed. Such complete information obtained in the
experiments is vital to the development of plasma based
wakefield accelerators.
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[20] C. Li, F. Séguin, J. Frenje, M. Rosenberg, R. Petrasso,
P. Amendt, J. Koch, O. Landen, H. Park, H. Robey,
et al., Science 327, 1231 (2010).

[21] M. Centurion, P. Reckenthaeler, S. A. Trushin,
F. Krausz, and E. E. Fill, Nature Photonics 2, 315
(2008).

[22] W. Schumaker, N. Nakanii, C. McGuffey, C. Zulick,
V. Chyvkov, F. Dollar, H. Habara, G. Kalintchenko,
A. Maksimchuk, K. Tanaka, et al., Physical review letters
110, 015003 (2013).

[23] W. Lu, M. Tzoufras, C. Joshi, F. Tsung, W. Mori,
J. Vieira, R. Fonseca, and L. Silva, Physical Review Spe-
cial Topics-Accelerators and Beams 10, 061301 (2007).

[24] T.-S. Hung, C.-H. Yang, J. Wang, S.-y. Chen, J.-Y. Lin,
and H.-h. Chu, Applied Physics B 117, 1189 (2014).

[25] A. Pak, K.A. Marsh, S.F. Martins, W. Lu, W.B. Mori,
and C. Joshi, Physical Review Letters 104, 025003
(2010).

[26] C. Zhang, J. Hua, Y. Wan, B. Guo, C.-H. Pai, Y. Wu,
F. Li, H.-H. Chu, Y. Gu, W. Mori, et al., Physical Review
Accelerators and Beams 19, 062802 (2016).

[27] C. Zhang, J. Hua, X. Xu, F. Li, C.-H. Pai, Y. Wan,
Y. Wu, Y. Gu, W. Mori, C. Joshi, et al., Scientific Re-
ports 6 (2016).

[28] E. Esarey, C. Schroeder, and W. Leemans, Reviews of
Modern Physics 81, 1229 (2009).

[29] R. Fonseca, L. Silva, F. Tsung, V. Decyk, W. Lu, C. Ren,
W. Mori, S. Deng, S. Lee, T. Katsouleas, et al., “Osiris:
a three-dimensional, fully relativistic particle in cell code
for modeling plasma based accelerators,” (Springer,
2002) pp. 342–351.

[30] T. Mehrling, J. Grebenyuk, F. Tsung, K. Floettmann,
and J. Osterhoff, Physical Review Special Topics-
Accelerators and Beams 15, 111303 (2012).

[31] X. Xu, J. Hua, Y. Wu, C. Zhang, F. Li, Y. Wan, C.-H.
Pai, W. Lu, W. An, P. Yu, et al., Physical review letters
116, 124801 (2016).

[32] W. Horton and T. Tajima, Physical Review A 34, 4110
(1986).



6

[33] C. Joshi, C. E. Clayton, and F. F. Chen, Physical Review
Letters 48, 874 (1982).

[34] G. B. Whitham, Linear and nonlinear waves, Vol. 42
(John Wiley & Sons, 2011).

[35] J. Dawson, The Physics of Fluids 4, 869 (1961).
[36] J.E. Ralph, K.A. Marsh, A.E. Pak, W. Lu, C.E. Clayton,

F. Fang, W.B. Mori, and C. Joshi, Physical review letters
102, 175003 (2009).


