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Rapid laser evolution



Increasing intensity

Intensity=
Energy

Time



Single cycle generation

• Self-phase modulation 

• Gaussian pulses undergo Kerr 
nonlinearity adding frequencies

n(⍵)≅n+n2 I



Thin Film Compression
High energy lasers have “flat top” profiles



Laser system at UCI

1 kHz, 35 fs, 0.3 TW



TFC for Gaussian beams



Radiation pressure acceleration
• Circularly polarized light inhibits electron heating 

• Radiation pressure directly accelerates electrons 

• For thin foils, can displace all electrons, accelerating all ions 

• Optimal thickness is (nc/ne) a0 λ

F. Dollar, et al., Phys. Rev. Lett., 108 (17), 175005 (2012)



Computing Resources

• 592 cores available on GreenPlanet high 
performance computing center 

• Epoch and OSIRIS Particle-in-cell 
simulations performed  

• 3D3V Simulation capabilities



Instabilities for RPA
• 1D assumptions quickly decay 
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Single cycle ion acceleration

averaging. In the case of multi-cycled laser pulses, the elec-
tron acceleration by the ponderomotive force must be aver-
aged over the number of cycles. The former single-cycle
situation introduces more coherent electron acceleration and
sharper electron layer formation. This Single-Cycle Laser
Acceleration (SCLA) regime permits a thinner optimal target
thickness and leads to a more coherent ion layer following
the accelerated electron layer. Our regime takes far smaller
laser energy than that required in the known regimes men-
tioned above. In the present regime, when a single-cycle
Gaussian pulse with intensity 1023 W/cm2 is incident on a
50 nm planar CH foil, the ponderomotive force of the laser
pulse pushes forward an isolated relativistic electron bunch
and, in turn, the resultant longitudinal electrostatic field
accelerates the protons (Figure 1). With a thin target, our
mechanism can coherently and stably accelerate ions over a
significant distance without suffering from the typical trans-
verse instabilities that arise under previously considered con-
ditions. This uniquely stable acceleration structure is capable
of maintaining a highly monoenergetic ultrashort (!fs) GeV
proton bunch.

II. SINGLE-CYCLE LASER ACCELERATION (SCLA)

We introduce the regime of Single-Cycle Laser
Acceleration (SCLA) driven by an extremely short laser pulse.
First, by two-dimensional particle-in-cell (2D-PIC) simula-
tions (KLAP),28we carry out a series of computational com-
parisons between different laser pulses by varying the laser
vector potential a0 and pulse duration s under the same total
energy E, where E / a2

0s. In all the simulations here, the cir-
cularly polarized laser wavelength is k ¼ 1 lm. The laser
pulse has a Gaussian envelope in the transverse direction with
focal spot size r ¼ 5k as well as a Gaussian profile in the lon-
gitudinal direction. The target we use is a CH foil with a den-
sity ratio of carbon to hydrogen of 9:1 and normalized
electron density ne ¼ 480nc, where nc ¼ mex2

4pe2 is the critical
density. In Fig. 2(a), by keeping the total laser energy con-
stant, we scan the normalized laser vector potential
a0 ¼ 50; 100; and 200, and correspondingly the pulse dura-
tion s ¼ 16T; 4T; and 1T (black curve, blue curve, and red
curve), respectively, where T is the laser oscillation period. In

each curve, under the specific laser vector potential and pulse
duration, we scan the foil thickness l to get the proton cutoff
energy. Here, we take the normalized electron areal density
r ¼ nel=nck as the target parameter reference.

From the three curves we see that, with different pulse
durations the acceleration efficiency of ions varies sharply.
The shorter pulse duration (larger laser vector potential)
yields the higher proton cutoff energy. For instance, the pro-
ton energy is increased by shortening the pulse duration
from the s ¼ 16T (black curve) case to s ¼ 4T (blue curve)
case. In particular, with the single-cycle pulse (red curve),
the cutoff energy of the ions is increased by a significant
amount. Another important new point we observe in Fig. 2 is
that under the single-cycle pulse condition, the optimal ratio
between the normalized electron areal density and normal-
ized laser vector potential r=a0 is about 0.1, which is much
smaller than the optimal value of this ratio in the traditional
RPA acceleration where (ropt ! a0)2 or (ropt ! 0:4a0 þ 3)29

(as the black dashed line indicates in Fig. 2(b)). We know
that in an ideal RPA light sail regime, the resultant maximum
ion energy is inversely proportional to the total mass of the
accelerated target. In a simple picture, the optimum thickness
is achieved by decreasing it, namely, the lower the total
mass, the higher the final maximum energy. However, other
physical processes, such as transverse instabilities, will

FIG. 1. The schematic view of the single-cycle pulse ion acceleration re-
gime. The single-cycle (1 T) laser pulse is focused at point o onto a thin CH
foil target of thickness l. The ponderomotive force drives a coherent bunch
of electrons in the forward direction beyond the limit of the target. The
resulting longitudinal electric field accelerates a coherent slice of protons
that trail the electrons leaving from the back surface of the target.

FIG. 2. Proton cutoff energy. (a) The resulting proton energies with varying
r
a0

, the black line indicates laser pulse with a0¼ 50, and pulse duration
s ¼ 16T, the blue and red lines indicate laser pulses with a0¼ 100 (s ¼ 4T),
and a0¼ 200 (s ¼ 1T), respectively; (b) identifies the location of the single-
cycle regime within the laser ion acceleration map (adapted from Ref. 2).
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present here. In contrast, in our single-cycle regime, the
instabilities do not even have enough time to develop. So the
entire acceleration scenario appears quite different. From
Figs. 3(d), 3(e), 3(g), and 3(h), we see that when the intense
laser pulse interacts with the nanometer foil, electrons are
pushed forward by the ponderomotive force of the pulse and
progresses along with the laser pulse’s wave front in the lon-
gitudinal direction. In contrast with the RPA or leaky LS-
RPA regime, the electrons do not spread out in a short time,
but generate a much compressed leading slice as shown in
Figs. 3(e) and 3(h). The protons are accelerated in the longi-
tudinal electric field which is formed between the ions and
the leading electron slice. Figs. 3(e), 3(f), 3(h), and 3(i) show
that, due to the lack of transverse instabilities, the accelera-
tion structure is quite stable. By t ¼ 80T, a thin and coherent
proton slice forms behind the electron layer. Here, note that
the protons are accelerated at a certain distance behind the
electrons, rather than nearly at the same longitudinal position
as in RPA. In our SCLA regime, due to the dramatic conse-
quence of single-cycle pulse and the lack of instabilities, the

acceleration time is significantly prolonged even by using
only a Gaussian pulse and simple planar foil.

To consider the particle motion and acceleration structure
in more detail, Fig. 5 plots the data of particle density (black,
red, and green curves stand for carbon, proton, and electron,
respectively), longitudinal electric field, and transverse electric

FIG. 4. Multi-cycle acceleration. Electron density ne
nc

(top row), and proton
density ni

nc
(bottom row), in the (z, y) plane at times t ¼ 40T (left column),

t ¼ 80T (right column) for a foil of ne ¼ 480nc, and l¼ 50 nm irradiated by
CP laser pulses at a0¼ 100 (s ¼ 4T).

FIG. 5. Longitudinal beam line-outs. The longitudinal axis line-out corresponding to the particle density (top row), longitudinal electric field (bottom row,
blue curve), and transverse electric field (bottom row, dark green curve), in the (z, y) plane at times t ¼ 20T (left column), t ¼ 40T (middle column), t ¼ 80T
(right column) using the same parameters as used for Fig. 3.

FIG. 6. Proton phase space evolution and cutoff energy. The longitudinal
phase space map for the protons at times (a) t ¼ 20T, (b) t ¼ 40T, and (c)
t ¼ 80T. (d)The energy spectrum for the protons at t ¼ 80T within the whole
space (blue curve) and in the center of the foil (r " 2k) (red curve). The pa-
rameters are the same as those used for Fig. 3.
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strongly affect the actual acceleration process and prevent it
from reaching the optimum acceleration, particularly with
current state-of-the art multi-cycle ultra-intense laser pulses.
While for shorter pulse durations, especially for single-cycle
pulses, the duration is too short for those instabilities to de-
velop and the constraints caused by instabilities are strongly
suppressed, which gives us more opportunity to approach to
the ideal case. So compared to the traditional RPA, the opti-
mal target thickness becomes smaller in our regime.

To compare the SCLA regime to other laser driven ion
acceleration regimes, here in Fig. 2(b), we give the simpli-
fied laser ion acceleration map, which is adapted from Ref.
2. The acceleration regimes we mentioned above are shown
in the (laser intensity I0 (amplitude a0), target thickness l (ar-
eal density r)) plane. The red dashed ellipse in Fig. 2(b)
identifies where the SCLA scheme lies within the laser ion
acceleration map. Specifically, the scheme is located more in
the transparent area (r! a0), which means smaller ropt

value in the single-cycle acceleration, as we also indicated
above.

III. EFFECTIVE PONDEROMOTIVE ACCELERATION
AND STABLE SHEATH

The proton acceleration by a SCLA scheme is investi-
gated in detail also by two-dimensional particle-in-cell (2D-

PIC) simulations (KLAP). In the simulation, the circularly
polarized laser pulse propagates along the z axis in the simu-
lation box with y" z size of 40k" 100k, and which contains
800" 10 000 cells, each cell filled with 100 particles. The
normalized laser vector potential is a0 ¼ 200, and duration is
s ¼ 1T. The CH foil with a thickness of l ¼ 0:05k is located
at z ¼ 16k. The other laser and foil parameters (such as the
wavelength and focal spot size of laser pulse, and the nor-
malized density and composition of the foil) are all the same
with the parameters in Fig. 2(a). The ratio between the nor-
malized electron areal density and normalized laser vector
potential is r=a0 ¼ 0:12. Note that our value of r=a0 is al-
ready far lower than ropt in RPA by an order of magnitude.

The evolution of the transverse electric field, and the
densities of electrons and protons at t ¼ 20T; 40T, and 80T
are plotted in Fig. 3. To make a better comparison, we also
demonstrate the evolution of the electrons’ and protons’ den-
sity at the later acceleration stage for multi-cycle
(a0 ¼ 100; s ¼ 4T) regime in Fig. 4. As is the case for the
most traditional RPA regime with multi-cycle laser pulses,
we see that both the electron and proton layers suffer from
instabilities in the acceleration process. All the electrons
spread out quickly due to the instabilities and Coulomb
explosion. The typical ripple structure of the ion’s density
distribution apparent in the traditional RPA as well as in the
leaky Light Sail RPA (leaky LS-RPA) regime19 are also

FIG. 3. Single-cycle acceleration. Transverse electric field (top row), electron density ne

nc
(middle row), and proton density ni

nc
(bottom row), in the (z, y) plane at times

t ¼ 20T (left column), t ¼ 40T (middle column), t ¼ 80T (right column) for a foil of ne ¼ 480nc, and l¼ 50 nm irradiated by CP laser pulses at a0¼ 200 (s ¼ 1T).
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Single cycle advantages
• Nonlinearity cleans 

pulse 

• Instabilities 
suppressed in single 
cycle 

• Questions over 
absorption remain

G. Mourou, et al., Euro. Phys. J. Spec. Top. (2014)



Single cycle electron acceleration

High energy gain requires 
lower densities and 

longer lengths

OR … by scaling to shorter 
wavelengths much higher 

densities can be used
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Nanowaveguides

Porous nanomaterial

Nanotubes 



PIC Simulations
1 nm and 1000 nm laser 
confined in tubes of diameter 
5λL and intensity a0 = 10 

Maintaining laser wavelength to 
plasma wavelength ratio 
preserves wakefield structure 

Since scaling is based over nc/ne, energy and momentum is maintained but transverse 
motion is drastically reduced, so emittance is much greater 

M. L. Zhou, et al., PRAB, 19(10), 101004 (2016)



Photon factories
1 nm guided 1000 nm guided

Photon emission scales with 
the real electric field while the 
energy gain scales with the 

normalized laser amplitude a0



RPA redux
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Short pulse interactions with solids don’t 
generate high energy electrons, but they 

generate high currents

F. Dollar, et al., Phys. Plasm., 20(5), 056703  (2013)



Positron generation
Courtesy of K.-Y. Chu

acceleration [19,41]. Furthermore, we found these relativistic
positrons to be quasi- monoenergetic, and controllable via
manipulating the laser and target parameters [42].

To transition relativistic electron and positron beams in to
a relativistic pair- plasma, a fewbasic criterianeed tobe fulfilled. The
pair density and temperature need to be such that there are a suffi-
cientnumberof par ticles (>>1) inside theDebye sphere. The energy
distribution of the plasmaneeds to be in the relativistic regime - this
requires the temperature of the pairs to be great er then 0.511 MeV.
Finally, ideally, the plasma should be quasi- neutral, although
a single- component plasma, or non-neutral plasma can also be very
useful and has been widely studied [15e17].

In the relativistic regime, the definition of Debye length, in
Gaussian cgs units is, l D¼( g 2 k B T/(4p q 2 n))1/2 cm,where T is the
plasma temperature, n the density, q the charge, kB is Boltzmann’s
constant, and g the relativistic scaling factor. Assuming a plasma

with temperature of 1 MeV, density of 1014 cm"3, and g equal to 2,
the Debye length is about 1 mm, and the number of particles inside
the Debye sphere is about 10 11. Under these conditions therewill be
sufficient particles inside the Debye sphere tomake it a pair plasma.
As explained below, we are nearing the realization of these condi-
tions in our experiments.

We have found unique characteristics of laser-produced posi-
trons that may prove essential for creating relativistic pair plasmas
in the laboratory. First, the laser-produced positrons are accelerated
to tens-of MeV energies as shown in Fig. 4 which is reported in
Ref. [42]. This feature allows positrons to be created and accelerated
to the relativistic regime in virtually one integrated process. The
high positron energies are due to acceleration by the sheath field at
the rear of the target [42], which is established by the initial hot
electrons escaping the target and the resulting electron cloud that
then forms around the target. The existence of this field has been
confirmed by proton and positive ion acceleration [41]. Since there
are several orders of magnitude more electrons than positrons, the
positrons play no role in the sheath formation. As the hot electrons
that are responsible for the potential leave the target, it takes less
than a few tens-of- femtoseconds to build up an MV/m m field on
the rear target surface [43]. The majority of the positrons born
inside the target pass through this sheath field as they leave the
target, gaining energy equal to the electrostatic sheath potential.

The second characteristic that helps to make the pair plasma is
that the laser - produced relativistic electrons and positrons form
a jet behind the target [42]. For a finite number of pairs, the pair
density is much higher in a jet than it would be if the pairs were
isotropically distributed. The measured angular distributions of
electrons and positrons from Titan experiments are shown in Fig. 5.
The physics that determines the angular distribution of the fast
electrons and positrons are different. Fast electrons accelerated
from the plasma in front of the target are directed primarily along
the laser axis, driven by the J# B forces along the laser propagation
direction, as well as by the resonant and Brunel absorption mech-
anisms that drive electrons normal to the target. The positrons,
which are created deep inside the target, by the >1 MeV radiation
from the energetic electrons, carry some of the forwardmomentum
of the “parent” fast electrons forming an initially anisotropic
distribution. Once outside the target, the positrons are further
accelerated by the sheath electric field reshaping the positron
distribution.

2

1

0

2622181410
Positron energy (MeV)

Fig. 3. Positron spectrum measured on the OMEGA EP laser system.

Fig. 4. (From Ref. [42]): Positron energy distributions for six laser shots labeled A
through F. The target and laser conditions are listed. Shots A-E were from the Titan
laser and Shot F from the OMEGA EP laser. All spectra were obtained with the EPPS
normal to the back of target.

Fig. 2. Positron spectra from Au and Cu targets. The absence of a positron signal from
the Cu target is due to its lower atomic number since positron yield scales as Z4.

H. Chen et al. / High Energy Density Physics 7 (2011) 225e229 227

H. Chen, et al., HEDP, 7, 225-229  (2011)
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