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Over the last decade, laser facilities with peak intensity I > 5 ∗ 1019 W
cm2 have pushed

the limits of ion acceleration [1], x-ray generation [2], and laboratory astrophysics [3] to

exciting new extremes. The essential element for all of these phenomena is the population

of relativistic electrons produced by the laser-plasma interaction (LPI), often in the pre-

formed plasma created by amplified spontaneous emission incident on the target starting a

few ns before the short-pulse laser. The typical observed electron energy spectrum [4–7] can

be broken into three different energy ranges. The low energy region (up to a few MeV) is

poorly connected to the LPI as it is strongly modified by large rear-surface fields and ion

production [7]. The second group of electrons, whose energy distribution is ponderomotive,

has been described by several scaling laws [8–11] and is still not fully understood. For

instance, reference [8] finds that
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where kT is the characteristic energy in the (assumed and typical) exponential electron
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energy distribution (known as ponderomotive scaling), me is the electron mass, c is the

speed of light, a0 = eE0

meωc
is the normalized laser vector potential, E0 is the peak laser electric

field, λ is the laser wavelength, and ω is the laser angular frequency. For the conditions

considered in this work (λ = 1µm and I = 6 ∗ 1020 W
cm2 ), kT = 10.2MeV . This work focuses

on the highest energy range, the super-hot region of the spectrum which is characterized by

electron energies many times the ponderomotive energy that form what is often referred to

as the “hot tail”.

The super-hot region has been the subject of both theoretical scrutiny and computer

simulation. Particle-in-cell (PIC) modeling has been used to study hot electron acceleration

in a relativistic laser channel [12–16] and to investigate the importance of stochastic fields on

electron acceleration [17–19]. Using PIC modeling, references [12, 13] identifies a betatron

resonance mechanism arising from the magnetic fields produced by the ponderomotive

expulsion of electrons, different fields from those identified herein. Also using PIC modeling,

references [13, 19, 20] found that a longer pre-plasma scale length improves laser coupling into

the super-hot electrons. Finally, PIC modeling was used to identify direct laser acceleration

(DLA) as the mechanism responsible for the measured enhancement to electron and ion

energy spectra when a high-contrast short-pulse laser interacts with the wall of a flat-top

cone [21, 22]. In this work, PIC modeling is used to investigate one of the most common and

fundamental scenarios: a short-pulse laser incident on a flat, solid target with pre-formed

plasma. In this work, it is found that most of the super-hots are produced by a mechanism

named “loop-injected direct acceleration” (LIDA), which is based on DLA.

Before discussing the simulation results, an outline of the LIDA mechanism is given. This

mechanism is initiated by the early part of the laser pulse heating the region near the critical

surface whose general area is indicated in pink in FIG. 1. The critical surface is the density

contour where ω is equal to the relativistic plasma frequency ωp =
√

ne2

γmeε0
, where n is the

electron density, e is the elementary charge, ε0 is the vacuum permittivity, γ =

√
1 +

a20
2

, and

c is the speed of light. The electrons from this initial heating are at ponderomotive energies
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Figure 1: Sketch depicting LIDA. In (a), the incoming laser heats the region (pink) near
the critical surface (dashed black line) expelling electrons (green arrows). The electrons that
will become super-hots follow looping trajectories (black arrows) shown in (b), shaped by
large quasi-static fields (the magnetic field is indicated by yellow). The electrons complete
the loop in (c) where they undergo DLA until they reach the critical surface, now with large
energies, and escape into the target.

and leave the region near the critical surface in all directions as indicated by the green arrows

in FIG. 1.a. The electrons that will become super-hots, however, leave this region following

the looping paths indicated by the black arrows in FIG. 1.b. These paths are shaped by

the large quasi-static magnetic field whose orientation and approximate extent is shown in

yellow in FIG 1.b. The loop is completed when the super-hots are injected into the laser

and start undergoing DLA as shown in FIG. 1.c. The electrons are accelerated until they

reach the critical surface where they decouple from the laser and escape with high energy

into the target. As shown below, all of the electrons with energy at a large multiple of the

ponderomotive energy follow paths similar to these.

A λ = 1µm wavelength Gaussian (175fs, ∼9µm FWHM) laser pulse with peak intensity

I = 6 ∗ 1020 W
cm2 is modeled with the PIC code lsp [23] which uses the direct implicit

method with an energy conserving particle push. The transverse (x) polarized laser pulse

propagates in the longitudinal (z) direction through a 2D Cartesian grid with spatial

resolution dx = dz = λ
32

and ∼ 95 time steps per optical cycle. Entering from the left in FIG.

2.a, the normally incident laser pulse propagates through 15µm of vacuum before entering

a pre-formed plasma region with a 3µm (exponential) scale length and 35µm total length;
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a solid density region abuts the pre-plasma and extends 20µm in the longitudinal direction.

The pre-plasma and solid regions extend 84µm in the transverse direction and are bounded

by conducting surfaces on the three non-laser boundaries. The Al plasma is initialized at

a 5eV temperature and is comprised of 49 electron and 49 ion macro-particles per cell; the

ions are initialized at Z = +3 and are further dynamically ionized using ADK rates [24],

but not collisions. Only one result is shown here, but LIDA is observed (and dominates) for

a wide range of conditions and is robust against variation in numerical parameters such as

particle count or resolution.

Figure 2: The initial electron density is shown in (a). In (b), the modeled electron energy
spectrum (pz > 0, integrated over all angles) is plotted (log scale) in blue. This energy
distribution is calculated using every electron crossing a plane 5µm into solid density (dashed
black line in (a)). The green/pink bars form a normalized histogram (linear scale) showing
the fraction of sampled electrons produced by LIDA (pink) or some other irregular mechanism
(green). The histogram uses randomly sampled electrons that cross into solid density with
the energy indicated.

In the considered simulations, each macro-particle is uniquely tagged allowing us to

determine the momentum and position of any particle at any time. All of the super-hots

which enter solid density are found at the end of the simulation, they are then tracked
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by going back to the beginning of the simulation. Using this method, it is possible to

follow in detail only those electrons that become super-hots. Based on this process, it is

possible to visually identify two distinct groups: electrons undergoing LIDA and electrons

accelerated by some other, irregular process that cannot be collectively characterized by a

simple mechanism. The relative proportions of each group as a function of energy are shown

by the normalized linear histogram in FIG. 2.b. For the combination of intensity and pre-

plasma in this simulation, all of the tracked particles whose final energy exceeds 75MeV

were accelerated by LIDA. Below 75MeV , the role of LIDA starts to diminish in favor of

other mechanisms as indicated in FIG 2.b.

Individual representative particle tracks from the simulation are shown in FIG. 3.a

(kinetic energy vs. longitudinal position) and b (configuration space). The kinetic energy

carries the sign of the longitudinal momentum pz; negative kinetic energy indicates pz < 0

(backwards moving). The loop stage motion of the super-hots is controlled by the large

quasi-static azimuthal magnetic field, By, shown in FIG. 3.c which is temporally (15λ
c

) and

spatially (6λ× 6λ moving box) averaged to filter out rapidly varying fields. The quasi-static

By is produced by the ∇T ×∇n effect [25, 26] (T is the electron temperature) which arises

from the curl of the electric field caused by the plasma electron pressure gradient; the sign

of these fields is opposite to that of self-generated fields due to the ponderomotive expulsion

of electrons, which do not appear to play a major role in LIDA.

The majority of super-hots start in the region near the critical surface, though some are

swept there by the early part of the pulse (as shown by one of the three trajectories in FIG.

3.a and b). The fields in this region are dominated by the incident laser, reflected laser, and

charge separation fields. As a result, the individual particle tracks (green) in the heating

stage are complex and stochastic. Furthermore, the critical surface is complicated by two

intensity effects. First, laser ionization moves the critical surface away from solid density as

ions are ionized to higher stages. Second, the critical surface is dynamically shaped [27, 28]

by relativistic transparency [29]. The superposition of these processes creates a stochastic
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Figure 3: Kinetic energy (signed by pz) vs. longitudinal position (a) and trajectories (b)
of representative super-hots. Different stages of the trajectories have been color coded,
according to the different stages of LIDA. The initial motion of the electrons is shown in
green; the electrons leaving the region near the critical surface and looping is shown in
black; the electrons undergoing DLA until they reach the critical surface where the super-
hots dephase from the laser is shown in red. In (c) the time (15λ

c
) and space (6λ×6λ moving

box) averaged azimuthal magnetic field at the time when the typical super-hot is roughly
halfway through its loop. The location of the critical surface for unperturbed, fully ionized
plasma at peak intensity is given by the blue dashed line.

environment expelling electrons, some of which will become the super-hots. These electrons

then leave the region near the critical surface and start looping in the directions indicated

in FIG. 1.b.

Looping electron tracks can be broken into two groups, those leaving the region near the

critical surface with |px
pz
| ' 0 (mostly longitudinal motion) and those with |px

pz
| > 0 (partially

transverse motion); the tracks in FIG. 3 all belong to the latter. The particles in the second

group, initially traveling with |px| > 0, are deflected back towards x = 0 by the azimuthal

magnetic field. LIDA electrons are selected from the electrons leaving the critical surface

region by these quasi-static fields. If a looping electron’s energy is too low, it will either be

magnetized or blocked by the ponderomotive potential of the laser fields; if it is too high, the

electron will escape into vacuum or overshoot the intense laser field. The loop is completed

when electrons transition to DLA as indicated by the change from black to red in FIG. 3.

There are several features of DLA that is observed in the super-hots. FIG. 4 shows kinetic

energy (carrying the sign of pz) vs. longitudinal position for electrons in the approximate
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region where DLA starts, x = [−5 : 5]µm. There is a pronounced 2ω bunching present in

the forward moving hot electrons; this is a well-known signature of J × B forcing. These

accelerating electrons generally obey the signature parabolic momentum relation, pz = 1
2
p2x

(expressed in units of p
mc

), that free electrons initially at rest follow in the field of an infinite

plane wave. Their longitudinal velocity is vz ≥ 0.99 ∗ c indicating the electrons are traveling

in phase with the laser and are therefore continuously accelerated over a large distance

compared to λ as shown in FIG. 3.a.

Figure 4: Kinetic energy (carrying the sign of pz) vs. longitudinal position for electrons
in the approximate region where DLA starts (x = [−5 : 5]µm) at the time when nearly
half of the super-hots have started accelerating. The regular 2ω bunching indicates that the
electrons are undergoing DLA.

The acceleration length of an electron undergoing DLA can be much longer than λ

since the laser’s phase passes the electron (in the lab frame) not at c but at the difference

between the electron’s velocity and the laser’s phase velocity. As a result, DLA by an

intense laser pulse can achieve energies far greater than ponderomotive. To investigate this,

the interaction of a free electron initially at rest at a node of a plane wave is considered.
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The maximum momenta (in units of p
mc

) of the electron are pz,max = 2a20 and |px,max| = 2a0,

where the subscript “max” indicates evaluation at peak electron momentum, and accordingly

pz,max

|px,max| = a0. For a0 ≤ 1 (Iλ2 ≤ 1.37 ∗ 1018Wµm2

cm2 ), the motion is mostly transverse

(vz,max = 0.67 ∗ c for a0 = 1). When 1 < a0 < 6 (1.37 ∗ 1018 < Iλ2 < 5 ∗ 1019Wµm2

cm2 ), the

electron is driven hard enough that the motion is significantly longitudinal (vz,max > 0.98 ∗ c

for a0 = 6). For a0 > 6 (Iλ2 > 5 ∗ 1019Wµm2

cm2 ), the motion of the electron is mostly

longitudinal. In this regime, the electron experiences a slowly varying field (compared to 2π
ω

)

since the electron’s longitudinal and the laser’s phase and propagation velocities are nearly

the same. For the parameters considered in the simulation, a0 ' 21, vz,max > 0.99 ∗ c and

the maximum kinetic energy in a plane wave is E ∼ 450MeV which requires an acceleration

length ∼ 165µm.

In previous work [12, 13], the primary acceleration mechanism was found to be the

betatron resonance, or “b-loop”, mechanism. In this mechanism, a magnetic field is

generated by the ponderomotive sweeping of electrons through the plasma; the electrons

which are to become super-hot undergo direct laser acceleration. However, the laser intensity

(IL = 1019 W
cm2 ) is such that the acceleration length is short compared to the extent of the

plasma (and therefore the full interaction). During the acceleration, the electrons move to

lower field regions while keeping some energy, as in the normal ponderomotive description.

The described magnetic fields are sufficiently strong to deflect these electrons back into

the laser; when the betatron frequency is similar to the laser frequency experienced by the

electron, the electron is re-injected allowing further acceleration. As a result, this mechanism

occurs over 10’s of microns and longer as shown in the figures in [13]. At the intensity of

the simulations considered herein, the required interaction length would likely be ∼ 100µm

or greater due to the increased acceleration length and Larmor radius. Accordingly, the

betatron resonance mechanism is not expected to contribute for the intensity and plasma

conditions considered herein.

In practice, the actual acceleration is limited by the plasma in several ways. The
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dispersion relation for electromagnetic waves in plasma is ω2 = c2k2 + ω2
p [30] and the index

of refraction is η =

√
1− ω2

p

ω2 ; the electromagnetic wave phase velocity vp = c
η

is therefore

superluminal. In LIDA, super-hot electrons are injected into the laser at relatively low

density (compared to critical density, thus
ω2
p

ω2 ' 0) where η ' 1 and vp ' c; accordingly, the

motion of an electron is similar to the vacuum case. However, as the electron is accelerated to

higher density, vp becomes significantly superluminal and outpaces the electron whose speed

is limited to c. Eventually, the electron falls far enough behind that it experiences a sign

reversal of the laser field causing energy loss (as seen in the red stage of the trajectories in

FIG. 3.a). In each of the shown particle tracks, an electron begins accelerating at relatively

low density and moves to higher density as it is accelerated, achieving maximum energy

around z = −17µm. As the electron and laser continue towards the critical surface, the

electron loses some energy before crossing the critical surface where it decouples from the

laser.

DLA is most effective for p0 � a0 [31], where p0 is the initial electron momentum (in

p
mc

). However, it is found that the average electron energy in the region where the typical

acceleration starts (z = [−35 : −25]µm, x = [−5 : 5]µm, at the same time as FIG. 4) is

∼ 14MeV (p0 ' 28) and only ∼ 0.2% of these electrons have E < 1MeV . This explains why

the background hot electrons do not undergo efficient DLA, whereas the looping electrons

do, even though the background electrons are vastly larger in number. For this collection

of very hot electrons, there are few if any with sufficiently low energy to undergo efficient

DLA. That is, the plasma is so warm that efficient DLA is not possible in the high field

regions because the electrons quickly get out of phase with the laser due to their initial large

momentum. It is apparent that the primary function of the LIDA mechanism is to provide

a source of low energy electrons to the intense laser fields with initial conditions such that

they can be efficiently accelerated.

Most of the looping stage LIDA electrons are also too energetic to undergo efficient DLA.

However, as the electrons loop into the high field region of the laser, they move against the
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ponderomotive potential of the laser which dissipates a significant fraction of their energy.

In general, electrons with too little energy, including those not participating in the loop but

in the same region, are turned away by the ponderomotive forces of the laser, and those

with too much energy simply overshoot the acceleration region. The looping electrons that

will become the super-hots lose the majority of their energy just prior to undergoing DLA.

While the individual particle tracks are complicated by charge separation fields and reflected

laser light, these results confirm that this history is a universal feature for all electrons that

become super-hots.

The spatial profile of the laser pulse also plays an important role in LIDA. On average,

electrons will tend to move against the gradient of the intensity of the laser; electrons near

the center of the laser are pushed to weaker field regions. However, as in the plane wave

discussion, the super-hot electrons have an extended acceleration length because they remain

at approximately constant phase relative to the laser. The largest energies are achieved by

electrons that move towards the center of the pulse (x = 0, as shown in FIG. 3.b) where the

laser field is strongest.

Finally, the LIDA mechanism predicts that longer scale length plasmas will enhance the

hot tail. FIG. 3.c shows that the quasi-static magnetic field that drives the loop stage

generally follows the critical surface whose curvature increases for longer scale lengths.

Since the loop determines where the DLA starts, a longer scale length pre-plasma can,

in principle, increase the acceleration length and therefore enhance the electron energy

spectrum. However, this enhancement must compete with the phase velocity mismatch

as described above as well as other laser-plasma instabilities which are prominent for longer

scale lengths. In conclusion, DLA is identified as the dominant acceleration mechanism

for the generation of super-hot electrons, when an ultra-intense laser interacts with a solid

with pre-formed plasma. Further, it is found that under these conditions, DLA requires

a loop-like injection in a mechanism named LIDA . This mechanism appears to dominate

the generation of super-hots in recent short pulse laser experiments using flat targets. This
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work could have implications for ion acceleration, especially hadron cancer therapy which

is not currently possible with a laser, as well as bright x-ray production which are both

enhanced for a hotter electron energy spectrum. Our findings should lead to improved hot

electron coupling in a number of ways. For instance, a pre-plasma that enhances acceleration

length and/or minimizes phase velocity mismatch may be possible with the development of

advanced targets specifically designed to enhance the delivery of looping electrons.
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