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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 spatiotemporal 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
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opposite direction, is observed for the first time by using this new technique.
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Relativistic wakes produced by intense laser or charged
particle beams propagating through plasmas are being
considered as accelerators [1,2] for the next generation
of colliders [3] and coherent light sources [4]. The phase
velocity of the wake is nearly the speed of light ¢ 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 accelerate
electrons and positrons to several 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 effi-
ciency and the energy spread of the accelerated beam,
accurate information about the field structure of the wake is
needed. This is difficult because the wakes are microscopic,
highly transient, and relativistic. Also wakes in density
gradients are important 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 diagnose
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 relativistic plasma wakes. Electron beams gener-
ated 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
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instantaneous information about both the transverse and
longitudinal distribution of the electric field of the wake. This
is especially 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 ultrashort, 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 ¢
requires the probe electrons to have high enough energy
(y > 1), and its duration 7 to be much smaller than a
plasma period (7 < 4,/ ), which turns out to be a few (tens
of) fs for a 10'(10'7) cm™ plasma. Electron 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 10'7 cm™ can be accurately mapped in a
single shot using an ultrashort, high-energy bunch of
electrons generated by a LWFA. Such low-density plasmas
will be needed for building a single-stage 10 GeV LWFA
[23]. Furthermore, we have probed the structure of wake-
fields 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
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FIG. 1. The schematic drawing of the probing of a laser-driven

plasma wakefield using a relativistic electron beam.

potential a, = 2.0 into a 8 x 10'® cm™ density plasma
produced using a gas mixture of 95% helium and 5%
nitrogen. 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
between 60-80 MeV with an 15 MeV energy spread. The
charge contained in the monoenergetic peak varies between
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 or linear wake
produced by a4-TW, 100-fs, a; = 0.26 Ti:sapphire laserin a
variable density helium plasma. Both plasmas are produced
by ionization of the gas emanating from supersonic gas jet
nozzles with a diameter 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
originally appear as transverse momentum modulations of
the probe beam, evolve into density modulations. The density
modulated probe is detected by recording the visible light
produced by the beam impinging upon a 100 ym thick
cerium-doped yttrium aluminum garnet (Ce:YAG) screen
placed 11-42 cm downstream from the second nozzle. The
inherent resolution of the Ce: YAG screen is about 7 ym. The
visible light is collected and transmitted by a relay imaging
system with a magnification of 2.5 and a spatial resolution of
2.8 um, then recorded by an electron multiplying charge
coupled device (EMCCD). A 30 um 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
system 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, én/ny = (n—ny)/ny is derived and shown in
Fig. 2(b). Here, n is the measured probe density, ng is
the corresponding background, which is obtained by
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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 6n/ng. (c) and (d) The
(v, z) plot of the reconstructed E, and E|, field, respectively. (e) and
(f) The axial and transverse (z = 242 um) lineouts of E_, respec-
tively. (g) and (h) The axial (at y = —10 um) and transverse
(z =300 ym) lineouts of E,. The blue solid lines show the
experimental data, while the red dashed lines are from simulations.
The transverse lineouts are taken at positions where the agreement
between the simulations and the experiment is the closest. The error
bars arise from the fluctuating energy, pulse width, and correlated
divergence of the probe beam.

smoothing the data to remove the modulation induced
by the wakefield.

Useful information of the wake being probed, such as the
shape and dimensions can be directly obtained from the
snapshots in Figs. 2(a) and 2(b). For example, the wave-
length of the wake is 65 pm, indicating a plasma density as
low as 3 x 10'7 cm™3. The radius of the wake is about
10 ym (rms), corresponding to approximately 1 collision-
less 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 Ref. [27].

Linear wakes are almost completely electrostatic, thus
the contribution of magnetic fields is negligible. Therefore,
the density modulation 61/ ny is related to the electric field
E,, . of the wake by [27]

on _ K. KgKgy eL
o M fepg

v'/_SE(xmy’Z_ﬁEx)dx? (1)

where the limits of integration +s should be large enough
to cover the transverse extent of the wakefield. Here the
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wake propagates along the z direction at a speed of fzc and
the probe traverses along the x direction; py = ym,c is the
central momentum of the probe beam, y is the Lorentz
factor, e the electron charge, fc the velocity of the probe, L
the drift distance in vacuum, M the geometric magnifica-
tion, and K., K, and K, are correction factors for pulse
length, energy spread, and correlated divergence angle of
the probe beam. For the plasma and probe parameters used
in this experiment, K, ~ 1, Kp~ 1, and K,~0.3 (see
Supplemental Material [28] Sec. I, SM1 for details).

The reconstructed fields are shown in Figs. 2(c) and 2(d)
for the longitudinal £, and transverse E, component of the
electric field, respectively. To make a quantitative com-
parison, we take axial and radial lineouts of the longitudinal
and transverse fields as shown in Figs. 2(e) through 2(h).
Since the laser is weak (aq = 0.26) and has a near Gaussian
profile, the wake being probed is quasilinear and, therefore,
the longitudinal field is expected to have a near-sinusoidal
form along the z direction and a Gaussian form along the
y direction [29] as seen in the blue experimental curves in
Figs. 2(e) and 2(f). Furthermore, E,(y, z) obtained from the
particle-in-cell (PIC) simulation using OsIrRIS [30] (red
dashed lines) fit both the observed longitudinal and trans-
verse variations of the measured E, very well. Note that the
simulation used an a, = 0.22 to account for the nonideal
laser focal spot in the experiment (see Supplemental
Material [28] Sec. II, SM2 for the details of the simu-
lations). Figures 2(g) and 2(f) show the reconstructed
longitudinal and transverse variations of the E field. In
the longitudinal direction, the E, field is 7/2 out of phase
with the E, field as expected for a linear wake [29].
Meanwhile, the transverse variation of the E| field is of
the form ye™"/2" also in excellent agreement with the
measured E, field. The peak accelerating field is
0.9 £ 0.4 GeV/m, in good agreement with simulations.
Moreover, the transverse field is approximately linear over
+8 pum. 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 characterize
the density ramp of a low-density gas jet that is otherwise
extremely hard to diagnose. Second, by recording the
temporal evolution of the plasma wake at one z location
in a density up ramp, we have observed that the wave
number 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 wave
number now monotonically increases with time.

Figure 3(a) shows the axial lineouts of modulated probe
density for different time delays. For these measurements,
the distance between the source of the probe and the probed
wake is 11 cm so only a 500 um region of the wake could
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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 = ¢ 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.

be recorded at any one time and the angular jitter of the
probe beam is advantageously used to capture the location
of the laser pulse at different delay times by taking a large
number of shots. The wake propagates 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 determined by the initial
plasma density through 1,(z) = 2zc(e’n,/em,)”"/?,
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 increases from
7% 10" cm™ to 1.1 x 10'7 cm™ in 900 um. These den-
sities are too low to be measured by the frequently used
interferometer technique. This new diagnostic 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 carefully matched from one plasma accelerator stage to the
next. This can be done in principle by employing appropri-
ately designed plasma density ramps at the entrance to and
the exit from the plasma acceleration section to properly
increase or decrease the focusing force acting on the electrons
[31,32]. Wakes produced in plasma density up ramps may
also be useful for overcoming the dephasing [14], thereby
increasing the acceleration length to match the pump
depletion length [33] of the laser pulse, thereby increasing
the energy transfer efficiency of a LWFA. On the other hand,
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FIG. 4. (a) Experimental wakefield snapshots at different time

delays at a particular z location with a range of Az = 140 um 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 experimental measurements and the red
solid line is the best fit to the data. The open circles and red
dashed line are reflections 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.

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 4 increases with time in a density up ramp. This
increase is not just attributable to plasma expansion [34],
which occurs over a longer time scale 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 ,(z) after the laser pulse has passed. The
phase of the wave is given by ¢ = w,(z)(t — z/v,), where
v, = c is the velocity of the drive laser pulse [the dependence
of v, on w,(z) is a higher order effect]. Therefore, w(z, 1) =
Op/0t = w,(z) and k(z,1)=—0¢p/0z=k ,(z) — (0w, / Oz)t.
This relationship implies that the wave number evolves in
time according to 0k/9t = —0w,, / Oz [35]. For the up-ramp
case, dw,/dz > 0, which means dk/0t < 0; therefore, the
wave number 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 [36]. We call this phenomenon wake
reversal.

We show the experimental verification of this reversal
phenomenon in Fig. 4(b). The blue dots are experimental
measurements of the wave number of the wake at different
times for 1.3 < z(mm) < 1.5. We can clearly see that the
wave number between 0 < 7(ps) <8 first decreases.
Between 8 < #(ps) < 20 no wake is observed. However,
after this time the wake reappears and now its wave number
increases with time. The red line is an exponentially decreas-
ing function fit to all the data. The open circles and the dashed
line are reflections of the corresponding data (since theory has
—k increasing) after the wake has reappeared. The insets in
Fig. 4 show examples of the actual measurement of the wake
at 5 representative 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 velocity of the
wake cannot be determined. Nevertheless, according to
theory the wave number of the wake should become negative
after the wake wave number goes to zero.

Plasma expansion cannot explain the observed evolution
of k in Fig. 4. If the wave number 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 Jw,/0z were inde-
pendent of time, indicating that the expansion of the plasma
does play some role in reducing the local density gradient
0w, (t)/0z|, over the 40 ps time window.

This wake reversal only occurs in a density up ramp. For
the down-ramp case, 0k/0t > 0, which means the wake
wave number at a specific position monotonically increases
as a function of time; therefore, no reversal can appear.
Because the peak a of the initially unmatched laser pulse
had become smaller due to diffraction and pump depletion
[37] 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
Supplemental Material [28] Sec. III, SM3).

In conclusion, we have imaged a relativistic plasma wake
and reconstructed its field structure by using a femtosecond
resolution relativistic electron probe as a microscope. A new
phenomenon of wake reversal in a plasma density up ramp is
observed. Such complete information obtained in the experi-
ments is vital to the development of plasma-based wakefield
accelerators.
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