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Self-guiding of an ultra-intense laser requires the refractive index to build up rapidly to a sufficient
value before the main body of the pulse passes by. We show that placing a low-intensity precursor
in front of the main pulse mitigates the diffraction of its leading edge and facilitates reaching a self-
guided state that remains stable for more than 10 Rayleigh lengths. Furthermore, this precursor
slows the phase slippage between the trapped electrons and the wakefield and leads to an accelerating
structure that is more stable, contains more energy, and is sustained longer. Examples from three-
dimensional Particle-In-Cell simulations show that the conversion efficiency from the laser to the
self-trapped electrons increases by an order of magnitude when using the precursor.

Guiding of intense laser pulses is important for acceler-
ating electrons in the laser wakefield accelerator (LWFA)
concept as well as a fundamental topic in the area of
nonlinear optics of plasmas. To achieve guided prop-
agation of Gaussian laser beams in homogenous media
the light itself must change the optical properties suf-
ficiently to overcome diffraction. Such a modification
can occur in rarefied plasmas, for pulses that quiver
the plasma electrons with relativistic intensity, because
the effective refractive index increases with the appar-
ent electron mass ym.. The necessary condition for
relativistic self-focusing[1] is P[GW] > 17w§ /w2 = P.,
where P and wy are the laser power and frequency, and
wp = y/4me®n./m. is the plasma frequency. When
P > P, the laser spot narrows until the ponderomotive
force expels the plasma electrons and generates an ion
channel[2]. Self-focusing is thus quenched at a “matched”
spot, for which the restoring force from the ions to the
electron sheath surrounding the channel cancels out the
ponderomotive force.

In plasma-based acceleration an intense pulse of pho-
tons [3] or particles(author?) [4] creates a plasma wave
wake. The electric field of this wake can be more than
three orders of magnitude larger than in conventional ac-
celerators, e.g. in Ref. [5] the energy of part of a 42GeV
electron beam doubled in less than 1m. On the other
hand, a powerful short laser pulse can drive the forma-
tion of a plasma bubble that facilitates the generation of
quasi-monoenergetic electron beams [6-11]. If this wake-
field is sustained over em to m distances it can be used
to generate electron beams with energies in excess of a
GeV[12-16]. This requires that the laser travel stably
through many Rayleigh lengths of underdense plasma,
such that the accelerating structure (wakefield) is also
stable.

Matching the laser spot-size wy to the ion channel
yields [11] kp Ry ~ kywo ~ \/ag, where ag = eAg/(mec?)
is the normalized vector potential of the laser and &, Ry
the normalized channel radius with k, = wy,/c. The co-

efficients for this expression can be measured from 3D
Particle-In-Cell (PIC) simulations, but the results differ
depending on the laser and plasma conditions[11, 17].
Furthermore, regardless of the initial spot-size[18], and
even if a plasma channel is used, the transverse laser en-
velope oscillates with wavelength similar to the confocal
parameter b = 2Zp = wow? /c, suggesting that balance
of transverse forces alone does not ensure stable guiding.

For short pulses the ponderomotive force pushes
plasma electrons forward as well as radially, raising the
density ahead of the pulse and counteracting the effect of
the relativistic mass on the refractive index n = cko/wo =

1 —w?2/(ywj). Therefore, part of the pulse (approxi-

mately ¢/wy) is lost every Rayleigh length even if P > P,
hindering self-guiding for single-frequency pulses[19] with
duration 77, < 27/w,. Preformed density channels[20]

may then be used to prevent the head of the laser from
diffracting.

Simulations have nevertheless demonstrated that
ultra-intense short lasers propagate stably in homoge-
nous plasmas after some initial stages of evolution. Early
in the interaction the laser energy within the spot-size at
the front of the pulse is lost due to diffraction and lo-
calized pump depletion. The leading edge of the pulse
falls backwards while the rest stays guided[21]. In trans-
ferring energy to the plasma, the leading photons slow
down causing the front of the pulse to red-shift and gen-
erating a positive frequency chirp[22]. The steepening of
the pulse front, together with the diffraction of the lead-
ing edge, eventually produces an optical shock[23]. The
front of the shock then etches backwards [21] at a rate
Veten ~ Wi /wi. The formation and propagation of such
shock-like pulse shapes may be described as a two-stage
process[24]; first the pulse self-steepens, then its lead-
ing edge etches back. The first stage is associated with
diffraction of the pulse front and oscillations of the laser
envelope and can be extended by introducing a negative
frequency chirp [25, 26]. But the second stage is more



stable and more efficient at converting the laser energy
to usable energy in the wakefield.

The first stage can be shortened and the losses due
to diffraction can be reduced by increasing the plasma
density, because the distance for the optical shock to
form scales as Ly o Z—E%ZR. This is the distance

for the frequency chirp to form and to derive it we as-
sume a matched transverse spot-size and substitute into
Eq. (2.21) in Ref.[24]. However, high plasma density
limits the overall acceleration distance[11], and it pre-
cipitates laser-plasma instabilities that bring about the
filamentation[27] and hosing[28-31] of laser light and the
associated generation of post-soliton structures [32, 33].

To mitigate diffraction and guide the laser at lower
densities, we propose adding a precursor that—Ilike the
bulbous bow of ocean liners—drives a suitable response
from the medium to enable the propagation of the main
body of the pulse. The low-intensity precursor is intro-
duced to raise the refractive index by adiabatically push-
ing the plasma electrons transversely. It is needed while
the main pulse is evolving to a shock-like profile. After-
wards, the shock-like pulse will remain focused, even as
the precursor gradually diffracts away. The peak precur-
sor power approaches P. and its rise-time is long enough
to minimize the longitudinal ponderomotive force. Un-
like radius-tailored pulses, proposed in Ref. [34], we are
proposing a precursor with spot-size equal to that of the
main pulse, and we are considering very intense main
pulses. After the shock-like profile has been reached, a
fraction of the leading edge depletes before it can diffract.
The balance between diffraction and pump depletion can
be studied with PIC simulations.

To explore the effect of this longitudinal profile on
laser guiding and electron acceleration, we performed
3D PIC simulations with the code OSIRIS[35]. We set
the ratio w?/wg = 8.4 x 107*, which for a laser with
Ao = 0.8um yields n, = 1.47 x 10¥em™=3. The simula-
tion domain is 1200¢/wp x 2000¢/wgy x 2000¢/wq and it
moves in the direction of the laser propagation with the
speed of light. A 6000 x 512 x 512 mesh with 2 parti-
cles per cell and absorbing transverse boundaries[36] is
used. A reference simulation was performed for a lin-
early polarized pulse with spot-size wy = 9.7um, maxi-
mum power P = 200TW =~ 10P,, ag = 8, rise-time[42]
7. = 4.2fs and fall-time 74 = 86fs; with total energy
7.8J and an effective 7w g ~ 33fs. In a second simu-
lation, a precursor was added as shown in Fig. 1(a) with
P, = 200W ~ P, app = 2.5, rise-time 7, = 212fs,
Tfp = 4.2fs, and energy 1.7J. 2D half-slices of the ini-
tial laser electric field with and without the precursor are
shown in panels (b) and (c).

In Fig. 1(d)-(e) we show the normalized laser electric
field after 0.71cm, where Zr = 0.037cm for the initial
spot-size. The amplitude of the reference pulse is about
half that of the tailored pulse. Due to the initial energy
loss, the reference pulse no longer generates a plasma
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FIG. 1. 3D PIC simulations demonstrate that a pulse with
sharp rise-time diffracts while a pulse with tailored profile
remains guided. (a) The laser electric field E;(z,t = 0) for
a pulse with sharp rise-time (red) and for the precursor of
a tailored pulse (blue); the main body of the two pulses is
identical. The top half of a 2D slice of E.(z,y,t = 0) for a
pulse with sharp rise-time is shown in (b) and the bottom
half of a slice of E.(z,y,t = 0) for a tailored pulse in (c).
Contours have been drawn for % = £1.6,+4.8. Plots (d),

(e), and (f) correspond to (a), (b), and (c) at wot = 55951.6.

bubble after 0.71cm and its wake is unsuitable for ac-
celerating electrons. On the contrary, the tailored pulse
has formed an optical shock and remains guided for the
rest of the simulation. A symmetric Gaussian pulse be-
haves similarly as the reference case, e.g. in Ref. [11] a
symmetric pulse with the same energy and power as the
reference pulse, and spot-size more than two times wider,
accelerated electrons up to 0.75¢m before depleting.
The wake structure is shown in panels 2(a) and 2(b)
from the reference case and 2(c) and 2(d) from the pre-
cursor case. For both cases the plasma bubble is initially
[Fig. 2(a),2(c)] excited at about the same location with
similar wakefield F, in the accelerating region [line-outs
along the propagation axis in Fig. 2(e)]. The transverse
ponderomotive force of the precursor produces an elec-
tron density channel with small and relatively constant
decelerating field, and a corresponding refractive index
that leads to red-shifting of the laser. This is analogous
to the effect of an adiabatically ramped electron beam
driver in plasma wakefield accelerators[38, 39]. The early
dynamics and phase-space of the trapped electrons are al-
most identical in these two simulations. No oscillations of
the laser envelope are observed, instead, because the ini-
tial spot-size is too narrow, both pulses defocus slightly.
Subsequently, the tailored pulse stabilizes at a wider spot,
even as the reference pulse continues to slowly defocus.

After approximately 10Zg the reference pulse is nearly



FIG. 2. Electron density isosurfaces and slices from two 3D
PIC simulations, the same as in Fig. 1. In panels (a) and
(b) a pulse with sharp rise-time (Fig. 1(b)) is used. In panels
(c¢) and (d) the pulse has a tailored profile (Fig. 1(c)). Pan-
els (e) and (f) show the electric field E(x) along the laser
propagation axis with red/blue lines for the sharp/tailored
profile.

exhausted and cannot stay guided. As it diffracts it
drives the weak response shown in Fig. 2(b) after
~ 20Zg. Its wake does not contain enough energy to
support the trapped electrons and most of them deceler-
ate due to excessive beam loading[40, 41]. In contrast,
the wake of the tailored pulse has retained a significant
amount of energy. Moreover, the leading edge of the
tailored pulse has receded less [Fig. 1(f) vs Fig. 1(e)],
preventing the trapped electrons from slipping forward
with respect to the wake, and allowing them to spend
more time at the rear of the bubble, where the accelerat-
ing force is larger. Fig. 2(d) shows that the accelerating
structure generated by the tailored pulse is stable and
electrons continue to get injected and accelerated. Its
wake extends 2¢/w,, behind the reference even though its
leading edge is ¢/w, ahead. Therefore, much more en-
ergy is available behind the tailored pulse while a lot of
energy still remains in its fields.

The increase in the acceleration distance is also seen
from Fig. 3, where the maximum decelerating field 3(a)
and the amplitude of the laser electric field 3(b) are plot-
ted in terms of the propagation distance. The sensitivity
on the initial laser spot-size was examined with a third
3D simulation, where wg was raised by 50% throughout
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FIG. 3. (a) The maximum decelerating field (which scales
with the accelerating field) and (b) the amplitude of the laser
electric field, shown in terms of the propagation distance from
three simulations: without a precursor for ap = 8, with a
precursor for ap = 8 and ag = 5.3.

the pulse and the intensity was reduced accordingly to
maintain the same power profile as that for the tailored
pulse with ag = 8. After focusing to a narrow spot, the
tailored pulse with ag = 5.3 exhibits the same behavior
as that for ag = 8.

The simulations with tailored pulses enter the optical
shock stage at around 1/3 of the total propagation dis-
tance (1.65¢cm), and at that point the injection of elec-
trons into the plasma bubble becomes continuous. As
the number of trapped electrons keeps increasing, and
the laser keeps depleting, their charge eventually becomes
high enough to prevent the blown-out plasma electrons
from returning on axis[10]. After 1.65¢m the peak energy
is reached and the laser energy is completely exhausted.
The wake created by the injected beam exceeds that from
the depleted laser and the front group of electrons begins
to lose energy. The acceleration distance reaches 1.65¢cm,
more than 40Zg for the initial spot-size, and more than
two times longer than in the reference simulation with
only 20% more laser energy.

The ultimate goal in LWFA is to couple controlled in-
jection in a short section with a long acceleration section.
For simplicity, we have not modeled a separate injection
section. Although the self-injected electron bunches in
our simulations are not of high quality, the total energy
in the output beams and their spectra further illustrate
how the precursor improves the efficiency of the process.
In Fig. 4(a) we compare the spectra from the two simula-
tions with ag = 8 after 0.737c¢m. The broken/dotted lines
show Q(p.) = fpoj f(p.)dp'.. The total charge is similar
for these two cases, but the spectra are very different. For
the simulation with the tailored profile the maximum en-



ergy corresponds to p, = 3000m.c (i.e. E 2 1.5GeV),
and there is 0.73J of energy in electrons above 100MeV .
For the reference simulation the corresponding numbers
are 2000m.c and 0.43J.

In Fig. 4(b) the distribution from the simulation with
the tailored pulse is also shown after 1.625¢m. The maxi-
mum p, exceeds 4200m.c (E 2 2.15GeV) and the energy
in particles above 100M eV is 2.61.J. Hence, 27.5% of the
laser energy (including the precursor) is converted to elec-
trons above 100MeV. Most of the energy transfer takes
place after 0.737cm [Fig. 4(a)], when the self-injection is
continuous and the wake heavily loaded. During the early
stage of acceleration, the energy transfer from the laser
to the trapped electrons is not very effective, because the
pulse is still evolving to the optical shock profile, and be-
cause there are not enough trapped electrons to ensure
high beam loading efficiency. At 1.625cm the distribu-
tion comprises two populations of electrons. Electrons
injected during the first stage of pulse evolution have rel-
atively high energy and reside at the head of the acceler-
ating bunch. Those trapped during the continuous injec-
tion stage have continuous energy spectrum extending to
2.15GeV, higher than what is achieved in the reference
case (1GeV) or what is possible with a similar symmetric
pulse (1.5GeV in Ref. [11]).
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FIG. 4. (a) Energy distributions after 0.737cm shown from a
simulation of a pulse with/without a precursor blue/red. The
energy of particles above 100M€V is ~ 0.73J and ~ 0.43J
respectively. The charge Q(p) f f(pk)dp,, is shown with
broken/dotted lines. (b) Two spectra after 1.625c¢m for two
tailored pulses with different initial wo, ap but the same power
profile. The blue and dotted lines are from the same simula-
tion as in panel (a). The energy in electrons above 100MeV
(1GeV) is 2.74J (1.9J) for the simulation with ag = 5.3 and
2.61J (1.86J) for the simulation with ao = 8.

With ay = 5.3 the peak energy is again reached af-
ter 1.625¢m and the energy distribution is shown in Fig.
4(b). Electrons trapped early in the third simulation

reach slightly higher energy compared to those in the
second, and this is manifested as an increase in the num-
ber of electrons at ~ 2GeV in Fig. 4(b). Aside from
that, the spectra for the tailored profiles with a9 = 5.3
and ap = 8 are similar.

For pulses with symmetric Gaussian profiles, enve-
lope oscillations can generate quasi-monoenergetic elec-
tron bunches, because faster pulse depletion curtails the
stage of continuous injection. However, the peak electron
energy is not as high as that produced for the tailored
pulses proposed here. More importantly, when using a
tailored profile the efficiency is an order of magnitude
higher, with nearly 30% of the laser energy converted to
accelerated electrons. Even higher efficiency, as well as
narrow energy spread[24], can be achieved by externally
injecting the plasma bubble with electrons to optimize
beam loading.

2D simulations indicate that these improvements are
weakly sensitive to the details of the longitudinal profile.
As long as the precursor can increase the refractive index
without driving a large longitudinal electric field, and as
long as the main body of the pulse rises sharply and high
enough to generate a plasma bubble in its wake, both the
peak energy and the efficiency will be enhanced compared
to symmetric pulses.
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