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Single-shot visualization of evolving laser wakefields using an all-optical streak camera
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We visualize ps-time-scale evolution of an electron density bubble — a wake structure created
in atmospheric density plasma by an intense ultrashort laser pulse — from the phase “streak”
that the bubble imprints onto a probe pulse that crosses its path obliquely. Phase streaks, recov-
ered in one shot using frequency-domain interferometric techniques, reveal formation, propagation
and coalescence of the bubble within a 3 mm long ionized helium gas target. 3D particle-in-cell
(PIC) simulations validate the observed density-dependent bubble evolution, and correlate it with
generation of a quasi-monoenergetic ~ 100 MeV electron beam. The results provide a basis for

understanding optimized electron acceleration at plasma density n. ~ 2 x 10'° cm™

3. inefficient

acceleration at lower density and dephasing limits at higher density.

The idea of accelerating charged particles by surfing them
on laser-driven plasma waves [1] has, after decades of re-
search [2], led to tabletop sources of quasi-monoenergetic
[3] GeV electron bunches [4] and ultrafast x-ray pulses
[5] for applications in biology, materials science and
medicine. Laser-plasma accelerators (LPAs) achieve un-
precedented accelerating fields (~GV/cm), the key to
their compact size, by replacing conventional stationary
metal structures of the scale of a radio-frequency wave-
length (~ 1 m) with light-speed electron-density struc-
tures of the scale of a plasma wavelength A, ~ 1074 m.

The small size and luminal velocity of LPAs, however,
makes observation and control of their evolving struc-
ture — the main determinant of LPA performance [6, 7]
— exceptionally challenging. Consequently, LPA science
has relied on intensive computer simulations with esti-
mated initial conditions for visualizing the dynamic mi-
crostructure of laser-driven plasma waves. Nevertheless
direct laboratory visualization is essential when initial
conditions are imprecisely known. This is particularly
true for the highest-performing LPAs, which operate in
a strongly nonlinear “bubble” regime that favors efficient
injection of surrounding plasma electrons [6] and quasi-
monoenergetic acceleration [7]. In this regime, the LPA
can be sensitive to shot-to-shot variations in laser-plasma
conditions. Matlis et al. used frequency-domain hologra-
phy (FDH) to record snapshots of laser wakes in a quasi-
linear regime in which they evolved negligibly [8]. FDH
snapshots in the more nonlinear bubble regime [9], how-
ever, averaged over key bubble dynamics that underlie
LPA physics [6]. Dynamic nonlinear wakes have been vi-
sualized only by probing them transversely at different
delays over multiple shots [10]. However, this method is
impractical for LPA experiments with shot-to-shot vari-
ations, or low repetition rate.

In this Letter, we report single-shot diagnosis of
evolving laser-driven plasma bubbles using an optical
frequency-domain streak camera (FDSC) [11], in which
a temporally stretched probe pulse crosses the bubble’s
path at a small oblique angle. In our LPA, optimized
electron beams with ~ 100 MeV peak energy, ~ 100 pC
charge, ~ 4 mrad divergence are generated reproducibly
within a narrow range f. ~ 2.0 £ 0.1 x 10'° cm™3 of
plasma density [12], but degrade rapidly in quality at

lower and higher density. To understand the underlying
physics, FDSC phase streaks that reveal bubble forma-
tion, propagation, and coalescence in each shot are com-
pared with particle-in-cell (PIC) simulations. The results
show that the location and depth of bubble formation,
and the distance the bubble propagates before coalescing
with trailing wave structures, depend sensitively on n.,
and in turn dictate electron energy and beam quality.

To generate plasma wakes, 800 nm, 30 fs, 0.8 J laser
pulses polarized along the z-axis (Fig. la) were focused
(f/12) to spot radius 10 pm and normalized vector po-
tential ag = eA/m.c? ~ 1.5 at the entrance of a super-
sonic helium gas jet of thickness L = 3 mm. A trans-
verse interferometer determined the plasma density pro-
file ne(r, z) on each shot, and a magnetic spectrometer
with field B along the y-axis (Fig. 1a) analyzed electron
energy downstream from the gas jet.

To record phase streaks, a reference-probe pulse pair
(center wavelength A,y = 400 nm, bandwidth AXp, ~ 10
nm, beam radius ~ 1 mm) split from the drive pulse,
then frequency-doubled with ~ 1 mJ energy and po-
larization orthogonal to the drive pulse to discriminate
probe light from scattered, frequency-broadened pump
light [13], was chirped (2.7 x 10% fs?) to duration ~ 500
fs, and propagated at lab angle 6 across the pump laser
path through the gas jet (Fig. la). The reference pre-
ceded by ~ 2 ps, and the probe overlapped, the pump
and its immediate wake. Thus the plasma column and
wake propagating at v,y = 0.99¢ imprinted a phase shift
onto the probe (velocity vp, = ¢) as they drifted across its
profile at projection angle ¢ to the pump propagation di-
rection (Fig. 1b). Here by choosing 6 = 8.6°, we achieved
¢ ~ 90° [14] — i.e. plasma structures drifted across the
probe orthogonally to their propagation direction. The
streak thus became a time sequence of transverse projec-
tions of the evolving longitudinal profiles of the plasma
structures, the optimum geometry for observing bubble
dynamics behind the pump. To record the phase streak,
probe and reference were imaged from the gas jet exit to
a spectrometer entrance slit, which selected a ypr = %o
slice of their profiles. Interference of the reference with
the phase-modulated probe in the spectrometer yielded
a frequency-domain hologram (Fig. 1a), which a charge-
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FIG. 1. (a) Schematic FDSC setup. Pump (z,y,z) and probe
(Zpr,Ypr,2zpr) coordinates share a common y = yp, axis. Upper
left: electron spectra for two shots at n, = 1.7 x 101 cm ™3,
illustrating shot-to-shot variations. Lower right: typical
frequency-domain interferogram. (b) Lateral drift of plasma
structures across probe profile (blue rectangle), viewed from
+y axis. (c) Reconstructed probe phase shift ¥ (¢pr, zp:) for
three shots at e = 1.7 x 10* c¢m 3, illustrating variations of
bubble phase dip ¥v. The t,, axis corresponds to probe wave-
length axis in (a). Right vertical axis: propagation distance
z corresponding to xp:. Color bar: phase shift in rad.

coupled device (CCD) recorded. Fourier transformation
of the hologram [8] reconstructed the probe phase shift
map Y(tpr, zpr) (Fig. 1c), where t,, denotes time delay
in the probe co-moving frame, x,, transverse position in
the probe profile. Since max (¢) usually exceeded 2w, a
2D phase unwrapping procedure [15] was applied.

As shown in Fig. 1b, both the quasi-static plasma col-
umn of width d, ~ 200 pm behind the ionization front,
and the dynamic bubble of width dy, =~ A\p\/ag/m ~ 10 to
20um [16], blown out by the drive pulse after relativis-
tically self-focusing to high ag, contributed to . The
former contributed v, =~ (27/Ap)(Re/4nc)(dy/ sinb),
where n, = 7.0x10%' cm ™3 is the critical density for a 400
nm probe. Thus for fi, ~ 1.7 x 10*° cm ™3, Yp ~ 12 rad,
consistent with measured max (¢) ~ 10 rad (Fig. 1lc).
The latter contributed ¥, ~ 1 to 2 rad, opposite in sign
to 1p, due to the absence of free electrons in the bubble.
Thus after a bubble forms, iy, carved a narrow dip into
the broader 1, profile. Shot-to-shot fluctuations in the
Y (@pr, tpr) profiles and electron spectra were observed
at all n., but became pronounced near the threshold for
self-injection of plasma electrons into the plasma bubble
(i.e. ne ~ 1.7 x 1019 cm™3), as illustrated by Fig. la
(upper left inset) and ¢. When no bubble formed and
no relativistic electrons were observed, no phase dip was

observed, as shown in Fig. 1lc, right panel.

Fig. 2 shows evolution of the bubble “dip” at 4 dif-
ferent n. for propagation distances 1 < z < 3 mm, as
revealed by line-outs of the phase streaks at regular in-
tervals perpendicular to their axes. The bubble dips ap-
peared immediately behind the pump, whose drift tra-
jectory is shown by dashed lines. For all cases, no dip
was observed for z < 1 mm, where the pump pulse was
still self-focusing before blowing out a bubble. For z > 1
mm, evolution of the dip depended strongly on n.. For
Ne = 1.3 x 10 cm™2 (Fig. 2a), hardly any phase shift
dip was observed, indicating no “bubble” formed. This
is consistent with a null signal on the electron spectrom-
eter (Fig. 2a, top). Accelerated electrons first appeared
near i, = 1.7 x 10*° cm™2 (Fig. 2b, top), albeit incon-
sistently (Fig. la, upper left inset). Here the ratio P/Pe;
of laser power to the critical power for relativistic self-
focusing was ~ 6, within the range of Froula’s empiri-
cal threshold for self-injection [17]. FDSC corroborated
this threshold by revealing the correlated appearance of
a bubble phase shift dip (Fig. 2b, main panel). First
evident at z ~ 2 mm, the dip formed fully at z = 2.5
mm, leaving ~ 0.5 mm acceleration length, less than the
dephasing length Lq ~ (2A3/ag)/(37A%) ~ 0.6 mm [16].
Acceleration was thus incomplete, consistent with low
electron energy (< 80 MeV), broad spectrum and high
rms pointing instability (~ 20 mrad) observed at this
ne. Moreover, FDSC revealed that the bubble was in-
completely evacuated at injection threshold, evident from
the shallowness (i, ~ 1 rad) of the fully-formed phase
dip, compared to higher n.. At optimal plasma density
Ne ~ 2.0 x 10 ecm™3 (Fig. 2c), the dip appeared at
z = 1.5 mm, then formed fully (¢, ~ 2 mrad, ~ 50 fs
width) at z = 2.0 mm. This bubble accelerated electrons
quasi-monoenergetically to 100 MeV (Fig. 2c, top) with
low shot-to-shot fluctuations and high pointing stability.
Here Lq ~ 0.5 mm, so electrons injected into the bub-
ble at z ~ 2.0 mm would accelerate to the dephasing
point near z ~ 2.5 mm. For z > 2.5 mm, the phase
dip shifted backward from the pump and widened. At
Ne ~ 2.2x10' cm~2 (Fig. 2d), the phase dip formed fully
(2 rad depth) at z ~ 1.5 mm due to faster self-focusing.
But with Ly ~ 0.3 mm, injected electrons accelerated
only to z ~ 1.8 mm, after which the phase dip again
shifted backwards from the pump and widened. These
dynamics yielded lower energy electrons with a broad
spectrum and poor beam quality (Fig. 2d, top).

To help understand the results in Fig. 2, we used
the 3D particle-in-cell code Virtual Laser Plasma Lab
(VLPL) [18] to simulate a 30 fs Gaussian pump pulse
with ap = 1.2 and wg = 10 pm propagating into 3-mm
plasma with 1 < fi. < 2 x 10" cm™3. The simulations
revealed trends that closely mirrored those in Fig. 2, ex-
cept that a given bubble dynamic and electron spectrum
occurred at 20 to 30% lower 71, than in the experiments.
This discrepancy is due to the higher quality, and more
effective self-focusing, of the simulated drive pulse, and
highlights the need for laboratory visualization to sup-
plement simulations and for simulations with non-ideal
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FIG. 2. Electron spectra and probe phase streak line-outs at densities (a) 1.3; (b) 1.7; (c) 2.0; (d) 2.2 x 10'* cm™3. Numbers
on each curve denote propagation distance z in millimeters. Dashed lines show trajectory of center of pump pulse.

beams [19].

Fig. 3 shows representative simulation results. Opti-
mum acceleration was observed at n1. = 1.5 x 10 cm™3.
As in experiments at 2.0 x 10*® ecm™3 (Fig. 2¢), the sim-
ulated pump formed a bubble at z ~ 1.6 mm (Fig. 3a)
after self-focusing. Electrons self-injected into a deepen-
ing, lengthening bubble [6] near z = 2.0 mm (Fig. 3b),
and accelerated to z &~ 2.4 mm, where the primary
bubble merged with the trailing one due to beam load-
ing, forming a long blow-out channel (Fig. 3c). These
bubble dynamics closely mirror the phase dip dynam-
ics in Fig. 2c. Moreover, the simulation yielded quasi-
monoenergetic 100 MeV electrons (Fig. 3d), in agreement
with experiment (Fig. 2¢, top) and with the prediction of
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FIG. 3. VLPL simulations for 7ie = 1.5 x 10'? em™2. (a-c)
Density profiles at z = 1.6 (a), 2.0 (b) and 2.4 mm (c), rep-
resenting initial bubble formation, full blowout/injection, and
coalescence, respectively. (d) Calculated electron spectrum.
(e-f) Bubble phase shift perturbation 1, on top of ¥, ~ 13
rad at z = 2.0 (e) and z = 2.6 mm (f) for ideal unlimited-
bandwidth probe (red), and probes of 100 (blue dashed) and
10 nm (blue solid) bandwidth, compared with measured v,
for fie = 2x10'° cm ™3 (black solid). Measured 1, was divided
by ~ 2 to correct for higher 7ie in the experiment.

Lu’s phenomenological model [16]. Moreover, the simula-
tion revealed the function of the short dephasing region
(z > 2.5 mm) observed by FDSC: it decelerated faster
electrons just enough that slower electrons caught up,
compressing the spectrum [20].

To relate simulated plasma density profiles
ne(t,z,y,z) to FDSC results, we calculated the
phase shift ¢(t,z) = (2a/A,sind) [n(t, z,yo, z)dz
that the plasma refractive index profile n(t,x,y,z) =
V1=n(t,z,y,2)/7(t,z,y,z)n. induced on the probe
for selected z. Here ¢t denotes time behind the center of
the pump, and the integration over x describes drift of
the index object across the probe profile. Red curves in
Fig. 3e,f and Fig. 4 show calculated phase shift line-outs
Y (tpr, 2) for an ideal probe with unlimited bandwidth.
In practice, finite probe bandwidth limits temporal
resolution to 4t = 30 fs, and was taken into account
by convolving 1 (t,z) with a Gaussian function with
FWHM 6t = 30 fs, yielding the blue solid curves. These
are compared with measured phase shifts (black solid
curves) in Fig. 3e and f.

The results in Fig. 3e,f demonstrate that FDSC with
AXpy = 30 nm fully resolves the longitudinal An./n.
profile of the main bubble cavity, and detects bubble
lengthening that accompanies beam loading. The abso-
lute value of An,/n, is calibrated by independently mea-
suring the width and density of the surrounding plasma
by transverse interferometry. Although these dynam-
ics were widely predicted by simulations, here they are
observed for the first time in the laboratory, enabling
unprecedented correlation with electron beam properties
and simulations. The FDSC results also reveal two as-
pects of bubble physics that were not widely anticipated
by simulations. First, they show that at injection thresh-
old (Fig. 2b), the bubble is only partially evacuated.
Second, they show that moderate dephasing contributes
beneficially to optimizing the electron beam (Fig. 2¢) by
compressing its spectrum. FDSC can potentially access
additional physics by resolving the sub-micron electron-
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FIG. 4. Calculated probe phase shift due to VLPL-simulated
wake profiles for ideal probe (red) and 10 nm bandwidth probe
(blue) at n. = 1.2 (a), 1.5 (c), and 1.7 x 10'° em™® (d).
Dashed lines are pump trajectories. Arrows highlight bubble
phase dip minima in blue curves, which correspond to mea-
sured dynamics in Fig. 2b-d.

density sheath that anisotropically surrounds the bub-
ble through the use of supercontinuum probe/reference
pulses. For example, a 100 nm-bandwidth probe could
resolve the sheath sufficiently well (blue dashed curve,
Fig. 3e,f) to quantitatively study subtle thickness vari-
ations related to injection physics [20]. However, in
contrast to previous supercontinuum interferometry [21],
a mJ-energy UV (A, < 450 nm) continuum source
will need to be developed to obtain high signal/noise-
ratio interferograms in the presence of strong background
pump-driven supercontinuum [13]. Additional probes at
f < 8.6° can potentially visualize radial dynamics, en-
abling tomographic reconstruction of the complete bub-
ble profile [14]. However, background light strengthens

4

at smaller 0 [13], and radial bubble dynamics play no
substantial role under the current conditions. Thus the
FDSC configuration in Fig. 1a accesses the most essential
physics with the fewest technical complications.

Fig. 4 presents calculated phase shifts for three n, that
correspond to Fig. 2b-d. At n, = 1.0 x 10! em ™3 (not
shown), only a barely perceptible phase dip occurs, since
no bubble was excited. Near injection threshold (Fig. 4a),
a clear bubble phase dip appeared (highlighted by ar-
rows), reaching full depth (1, ~ 1rad) at z ~ 2.5 mm. At
optimal density (Fig. 4b), the bubble phase dip formed
fully at z ~ 2.0 mm, then widened for z > 2.5 mm. In
the over-acceleration regime (Fig. 4c), a fully developed
bubble phase dip emerged at z = 1.5 mm, then widened
for z > 2 mm. These calculated trends closely mirror
those exhibited in the data in Fig. 2b-d.

In conclusion, we measured dynamics of a laser-driven
plasma bubble accelerator in a single shot using a
frequency-domain streak camera [11]. FDSC data iden-
tified the major stages of bubble evolution — formation,
stable propagation, broadening and coalescence — over
a 10 ps interval with < 0.5 ps resolution. 3D PIC sim-
ulations reproduced FDSC and acceleration results, and
correlated them with underlying physics: relativistic self-
focusing, electron injection into a fully formed bubble,
dephasing, and bubble coalescence due to beam loading.
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