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P H Y S I C S

Undepleted direct laser acceleration
Itamar Cohen1,2, Talia Meir1,2,3, Kavin Tangtartharakul4, Lior Perelmutter1,2, Michal Elkind1,2, 
Yonatan Gershuni1,2, Assaf Levanon1,2, Alexey V. Arefiev4, Ishay Pomerantz1,2*

Intense lasers enable generating high-energy particle beams in university-scale laboratories. With the direct laser 
acceleration (DLA) method, the leading part of the laser pulse ionizes the target material and forms a positively 
charged ion plasma channel into which electrons are injected and accelerated. The high energy conversion effi-
ciency of DLA makes it ideal for generating large numbers of photonuclear reactions. In this work, we reveal that, 
for efficient DLA to prevail, a target material of sufficiently high atomic number is required to maintain the injec-
tion of ionization electrons at the peak intensity of the pulse when the DLA channel is already formed. We demon-
strate experimentally and numerically that, when the atomic number is too low, the target is depleted of its 
ionization electrons prematurely. Applying this understanding to multi-petawatt laser experiments is expected to 
result in increased neutron yields, a perquisite for a wide range of research and applications.

INTRODUCTION
Laser wakefield acceleration (LWFA) has brought giga–electron volt 
particle beams to university-scale laboratories. In LWFA, plasma 
waves excited by an ultrashort laser pulse propagating through an 
under-dense plasma trap and accelerate electrons to relativistic ve-
locities. For the past two decades, the LWFA community focused on 
optimizing the accelerated beam quality for higher particle energy 
(1–3), sharper energy spectrum (4, 5), higher charge (6, 7), and im-
proved repeatability (8). Applications for LWFA electron beams (9) 
are now becoming a reality (10).

In contrast to LWFA, direct laser acceleration (DLA) relies on the 
electrons gaining energy from the laser fields themselves. In DLA, the 
electron beam is formed in a positively charged plasma channel that 
was partially vacated of electrons by the ponderomotive pressure ex-
erted by the laser pulse (11). Strong quasi-static azimuthal magnetic 
fields are generated through the driving of longitudinal electron cur-
rents by the intense laser pulse. These quasi-static fields mitigate the 
longitudinal dephasing between the electrons and the laser beam that 
would have otherwise taken place in vacuum (12), enabling the elec-
trons to gain energy. The lack of correlation between the acceleration 
of electrons and plasma wave production has been established by 
measurements of the transmitted laser spectrum (13). Oscillations of 
these electrons in the channel consequently also generate synchrotron 
x-rays (14) and transition radiation in the terahertz range (15).

DLA of electrons has been observed experimentally for over a 
quarter of a century (15–23). The energy spectrum of the electron 
beam follows a Boltzmann-like distribution with an effective tem-
perature in the mega–electron volt range, which scales as the square 
root of the laser intensity (24). Although the continuous spectrum 
makes DLA less appealing than LWFA for certain applications, it fea-
tures the advantage of extremely high conversion efficiency (CE) of 
the incident laser energy to relativistic electrons as high as 23% (25).

In DLA, the electron beam temperature is found to peak when 
the density of the plasma plume is nearing its critical value. Such 
nearly critical density plasma plumes may be formed by using gas jet 

systems, which are simple to operate with up to kilohertz rates (23), 
but their material selection is limited, or by using low-density poly-
mer foam targets (21, 26, 27). Alternatively, plasma plumes with an 
arbitrary fraction of solid density may be formed by pre-exploding a 
solid foil, using a second laser “pre-pulse,” allowing an expansion 
time on the order of nanoseconds before irradiation with the main 
pulse. With shorter delays, this technique is also used to increase 
laser energy absorption by pre-expanding targets in laser ion accel-
eration schemes (28).

The limited contrast of previous generation lasers hindered the 
investigation of DLA because precursor light native to the laser sys-
tem preheated the target in an uncontrolled manner. Modern high-
power laser technology now makes possible parametric investigation 
of DLA from pre-exploded foils (15, 21).

To date, DLA experiments have been performed using low–atomic 
number (“low-​Z”) plasma targets only. In this work, we generated 
electron beams from high-​Z plasma plumes created by pre-exploding 
thin foils of Au and measured substantially higher electron tempera-
tures than those obtained with low-​Z targets. As will be presented 
below, our results reveal that, for efficient DLA to prevail, a target 
material of sufficiently high atomic number is required to maintain 
the injection of ionization electrons at the peak intensity of the pulse 
when the DLA channel is already formed.

RESULTS
In our experiments, we tailored the plasma plume density profile by 
setting the pre-pulse energy and the pre-pulse to main-pulse delay 
interval to optimize the generated electron beam charge and energy, 
as described below. Figure 1A presents measured electron spectra 
generated from Au (solid curves) and CH (dashed curves) plasmas 
irradiated with normalized laser pulse intensity in the range of a0 = 
2.6 to 4.4, where a0 = ∣e∣E0/(cωme) is the normalized amplitude of a 
laser pulse with electric field E0 and frequency ω.

The extracted electron temperature for both types of plasma 
is plotted in Fig. 1B versus a0. Each data point represents an aver-
age over one to three shots. The bars signify 11% of systematic 
uncertainty, which was evaluated from the spread of results taken 
under the same experimental conditions. For a0 > 3.0, the elec-
tron temperature of Au plasma maintains the scaling predicted 
by Pukhov et al. (11), while that of CH falls short.
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To determine how high–atomic number plasmas maintain the 
observed acceleration efficiency, we examined the dependence of 
the electron beam temperature and flux on the density profile of the 
plume at a fixed intensity. The irradiation setup, shown in cartoon 
schematics in Fig. 2A and described in detail in Materials and Meth-
ods, consists of a double-pulse irradiation scheme. The plasma 
plume was formed by irradiating a thin foil with a 43-ps-long laser 
pulse in an energy range of microjoules to millijoules. After allow-
ing the plume to expand for an interval of Δtpre

main
 = 4 to 90 ns, the 

plasma was irradiated by a 30-fs-long laser pulse of normalized in-
tensity in the range of a0 = 2.6 − 4.4. Under these different irradia-
tion conditions, we recorded interference images of the density 
profile of the plume, the near-field image of light punching through 
the plume, and the emitted electron beam energy spectrum using a 
magnetic spectrometer (see Materials and Methods).

Figure 2B presents these measured properties for plumes gener-
ated by a 1.9-mJ pre-pulse, a0 = 2.9 main pulse, and different Δtpre

main
 

delays. The electron flux (for electrons above an energy threshold of 

0.5 MeV) is plotted versus the plume’s peak density, in units of the 
critical density. The falloff of the electron spectrum was fitted to a 
Maxwellian distribution (discussed further below), whose tempera-
ture is indicated by the data point’s color. A near-field image of light 
punching through the plasma is shown above each data point. As 
expected, the plasma becomes more transparent to the laser light as 
its density falls below the critical value. The main observation is that 
there exists a Δtpre

main
 value, at which both the electron beam tem-

perature and flux peak. The data presented in Fig. 1 were obtained 
using the pre-pulse condition that yielded the highest electron tem-
perature.

Upon irradiation by an intense laser pulse, a thin solid foil turns 
into an expanding plume of plasma. Such plumes have been studied 
both numerically (29) and in experiments (30, 31). To predict the 
plume’s density profile for arbitrary Δtpre

main
 and Epp values, the mea-

sured plasma density profiles were fitted to the form

Here, ni0 is the initial solid density; R0 is the initial radius of the 
plume; L0 = csτpp is the initial plasma longitudinal scale length; cs is 
the ion acoustic velocity; R(t) and L(t) are its radial and longitudinal 
scale lengths, respectively; and z and r are coordinates of a cylindri-
cal system aligned with the laser propagation direction. The require-
ment of ion number conservation with the initial target foil of 
thickness d, ∫ nidV = ni0R

2
0
dπ , sets the value of the shape factor α, 

Nα =
√

α α
√

α ⋅ eΓ(1 + 1∕α, 1∕α) =
d

2L0
 , where Γ is the incomplete 

gamma function.
We parameterize the scale-length dependence on the pre-pulse 

energy and expansion time as

The fitted values of the parameters AR, BR, AL, BL, An, and Bn are 
given in Table 1. Their uncertainty values signify one SD of the fit-
ting procedure.

We note that, in the scope of this paper, Eqs. 1 and 2 are given as 
a parameterization of the measured density profiles. However, Eq. 1 
is an approximate solution to the plasma equations of motion in the 
limit of α ≪ 1, which evolves with time according to Eq. 2. This will 
be the subject of a future publication.

To reveal the underlying laser plasma dynamics, we used particle-
in-cell (PIC) simulations carried out with the EPOCH code (see 
Materials and Methods for details) (32). The density profile before 
the interaction with the main pulse (Eq. 1) served as the initial state 
in these simulations. The targets were representative of electrons 
and singly ionized Au ions with R = 93.6 μm and α = 0.11. The val-
ues for L and n0 used to generate the simulation results presented 
here are tabulated in Table 2.

One such density profile, which, in the simulations, yielded the 
highest electron temperature under irradiation by an a0 = 3.7 laser 
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Fig. 1. The energy of DLA electron beams generated from low-​Z versus high-​Z 
targets. (A) Measured electron spectra from the irradiation of Au (solid) and CH 
(dashed) plasma plumes. The respective normalized laser intensities are indicated 
on the curves. The plumes were formed by pre-exploding 800-nm-thick foils using 
a pre-pulse at optimal energy and relative delay conditions, as described in the 
text. (B) Fitted electron temperatures as a function of a0 for the same conditions as 
in (A). The dashed orange curve shows the linear fit to the Au data, which is in 
agreement with Pukhov scaling (11). The electron temperature obtained from 3D 
PIC simulation for a0 = 3.7 is also shown (star symbol).
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pulse, is plotted in Fig. 3A. Subsequent field ionization by the main 
laser pulse was implemented in EPOCH using a Monte Carlo algo-
rithm, in which barrier suppression and tunneling ionization prob-
abilities were obtained from a generalized tunneling model (33, 34). 
Full details of the implementation are given in (35). The computa-
tional load of this implementation allowed us to run one simula-
tion in three dimensions (3D), for this irradiation condition, which 
resulted in the data point marked with a star symbol in Fig. 1B. A 
parametric scan for different plume conditions, which is described 
below, was conducted by running the simulations in 2D. Figure 3B 
shows three temporal snapshots of the transverse component of the 
electric field, averaged over four optical cycles of the laser. A posi-
tively charged plasma channel starts to form on the first snapshot, 
as can be seen by the outward-pointing quasistatic transverse field: 
positive values (red) for y > 0 and negative values (blue) for y < 0. 
For these same snapshots, Fig. 3 (C to F) presents density distributions 

corresponding to electrons originating from the Z  =  17, 28, 33, 
and 39 ionization levels of Au. Such extremely high ionization lev-
els have been observed also in, e.g., nanostructured Au targets (36) 
irradiated with similar laser intensities. Beyond Z ≥ 40, negligible 
ionization is observed in the simulations. A spatial distribution of 
the average electron energy is overlaid in red on each of these 
plots. It is evident that ionization of low-​Z–level electrons com-
mences early and forms clear wake structures (Fig. 3C), but these 
electrons are ionized before the creation of the channel and, there-
fore, are not trapped and never reach high energies. Electrons 
from higher ionization levels (Fig. 3, E and F), which are ionized 
later, when the electric field is maximal and the channel is already 
formed, reach high kinetic energies. Repeating these simulations 
while limiting the target ionization up to the Z  =  15 ionization 
level resulted in low electron beam temperatures, thus confirming 
this observation.

B

A

Fig. 2. Electron beam dependence on the target expansion time. (A) Cartoon schematic of the irradiation setup. A plasma plume is formed out of a thin Au foil that is 
irradiated by a 43-ps-long laser pulse with 1.9 mJ of energy. The density of the plume is controlled by the interval ( Δtpre

main
 = 4 to 90 ns) over which the plume expands into 

vacuum before interacting with the a0 = 2.9 intensity main laser pulse. (B) The measured charge per unit solid angle at the laser incident direction, as a function of the 
peak density of the plume. The color scale indicates the temperature that characterizes the falloff of the high-energy end of the electron beam spectrum. Near-field im-
ages of light punching through the plume are shown about each data point.

Table 1. Parameterization values for the density profiles described by Eq. 2. 

AR (μm) BR AL (μm) BL An(nc) Bn

1.81 ± 0.34 0.523 ± 0.043 (2.57 ± 0.94) · 10−3 0.663 ± 0.064 2.2 ± 5.3 −0.28 ± 0.41

Table 2. Peak electron density and longitudinal scale values used as the initial conditions for the PIC simulations presented in Figs. 3 and 4. 

Δt
pre

main
(ns) 5 10 30 45 60 90

ne0 (1019cm−3) 9.01 4.51 1.50 1.00 0.75 0.50

L (μm) 5.53 11.07 33.21 49.83 66.42 99.64
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The fidelity of the PIC simulations in capturing the experimental 
observations is enhanced further when inspecting the electron spec-
tra in detail. Figure 4A shows measured electron spectra for the 
same shots that generated the data points in Fig. 2B.

The spectral content consists of two peaks, which is typical of 
DLA (16). To guide the reader’s eye to the evolution of each of the 
peaks with Δtpre

main
 , the spectra were fitted to a double-Maxwellian 

form, separately colored in pink and green. Both peaks reach their 
maximal value when Δtpre

main
 = 45 to 60 ns, with the high-energy peak 

being more sensitive to Δtpre
main

 . This evolution may be compared 
with the results obtained from PIC simulations in Fig. 4B, which 
presents the spectra of electrons ejected from the plasma plume to a 
distance of 100 μm, having momentum in the forward direction 
within a cone half-angle of 0.4 rad, with an energy larger than 
0.5 MeV. Here, the two peaks are apparent as well, and their evolu-
tion with Δtpre

main
 follows the one observed in the experiment but with 

higher overall temperatures and a lower Δtpre
main

 at which they peak. 
The overall higher electron energies that we observe in these 2D 
simulation, compared to 3D (Fig. 1B) and the experiment, are typical 
to these studies (37).

The dynamics responsible for accelerating high-​Z electrons to 
high energies is identified by first dividing each spectrum in Fig. 4B 
into two electron populations, labeled “L” for LWFA and “D” for 
DLA, according to whether most of the integrated work was per-
formed on the electrons is parallel or transverse to the laser direc-
tion (18, 38); see further details in Materials and Methods. Within 
each of these subpopulations, the spectra are color-coded according 
to the ionization level from which they emerged. We observe that 
the high-temperature peak, which, in the simulation, rises at Δtpre

main
 = 

30 ns, consists mostly of high-​Z electrons undergoing DLA.

Figure 4B indicates that, for shorter and denser plasma plumes, 
like for tpre

main
 = 10 ns, a large population of electrons from high ion-

ization levels undergo DLA but do not reach the high energies ob-
tained from longer plumes like for tpre

main
 ≥ 30 ns. To understand the 

interplay between the ionization level origin and the final electron 
energies for different plume sizes, we present in Fig. 5 longitudinal 

A

B

C

D

E

F

Fig. 3. Results of a PIC simulation. The initial plasma plume profile in this simulation yielded the highest amount of energetic electrons under irradiation by an a0 = 3.7 
laser pulse. (A) Spatial distribution of the initial electron density plume, obtained from the fit to the measurement taken with Δtpre

main
 = 30 ns. (B) Three temporal snapshots 

of four-cycle averaged transverse component of the electric field. (C to F) Density distributions (blue) for electrons ionized from the Z = 17, 28, 33, and 39 ionization levels, 
respectively. Spatially averaged electron energy distributions ⟨Ek⟩ are overlaid in red.

Experiment

SimulationB

A

Fig.  4. The generated electron spectra details for rising target expansion 
times. Measured (A) and simulated (B) electron spectra for the same irradiation 
conditions as in Fig. 2. The measured spectra (A) are fitted to a double-Maxwellian 
form. The Maxwellian components are colored in pink and green to guide the eye 
on their respective evolution with Δtpre

main
 . The simulated spectra (B) are subdivided 

into parts dominated by DLA or LWFA indicated by D and L, respectively. Within 
these subpopulations, the spectra are color-coded according to the ionization level 
of the plasma from which they originate.
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phase space plots of the electrons at t = 1200 fs, separated into their 
ionization level origin (Z = 28, Z = 33, and Z > 38). Also shown are 
the plumes’ initial density profiles. For shorter denser plumes, the 
laser fields undergo stronger self-focusing and ionization of deeper 
levels occur. However, the DLA channels are shorter, and the accel-
eration results in lower final energies. For longer plumes of lower 
density, such as for tpre

main
 = 60 ns, the field amplitudes are able to ion-

ize only lower atomic levels, but acceleration occurs over a longer 
distance. Maximal energies are observed for the tpre

main
 = 30-ns plume, 

where electrons originating from the Z = 33 level accelerate over a 
large distance.

Another feature observed in Fig. 5 is the energy chirp that devel-
ops for electrons originating from higher ionization levels, as a con-
sequence of their later ionization time. For the optimal acceleration 
conditions of tpre

main
 = 30 ns, a negative energy chirp with absolute 

value smaller than 1 MeV fs−1 is observed.
Both LWFA and DLA are known to coexist in nearly critical density 

plasmas irradiated with high-power lasers, when a substantial overlap 
between the transverse laser field and the trapped electrons prevails 
(39). This overlap may be quantified by the dimensionless parameter 
Tp = ωpτlaser ∕ (2π

√

a0) , where Tp ≈ 1 indicates a substantial overlap. 
For the dataset presented in Figs. 2B and 4A, Tp drops from a value of 
6.8 at low pre-pulse delays to 1.75 in optimal conditions at 60 ns.

The CE from laser energy to electrons and the divergence and 
pointing stability of the electron beam are paramount for the appli-
cability of a DLA electron source as a photonuclear reaction genera-
tor. Using a wide angular acceptance spectrometer, which consisted 
of a 1.2 cm (horizontal)–by–400 μm (vertical)–wide slit with a 
magnetic-field strength of 0.15 T, positioned 3.5 cm downstream 
from the target, we determined the electron beam to have an ∼10 msr 
divergence, and to be slowly focusing with rising laser intensities, as 
also observed by others (40).

We measured the pointing stability of the electron beam in our 
experiments to be 8.2 mrad (root mean square), lower than the 

beam divergence and notably lower than that reported in (22, 26, 41). 
This difference is likely due to the low pre-pulse energy (1.9 mJ) and 
long Δtpre

main
 interval (60 ns). By contrast, those other experiments 

used pre-pulse energies of 16 to 3000 mJ, which dictated Δtpre
main

 of 
only a few nanoseconds.

By calibrating the absolute light emission of the electron spectrom-
eter using a 90Sr calibration beta emitter, we retrieved the CE of laser 
energy to electrons (above an energy threshold of 0.5 MeV). For Au 
plasma at the highest laser intensity available to us of a0 = 4.5, the CE 
was larger than 10%. This value is not much lower than what we and 
others have observed in petawatt (PW)-level DLA experiments (20, 22); 
therefore, we expect that much higher values can be achieved with ir-
radiation of high-​Z plasmas under optimized conditions at the PW level.

To demonstrate photoneutron generation, we placed a 1-cm-thick 
sample of 238U 5.5 cm downstream from the target. Bremsstrahlung 
radiation, produced by the electron beam stopping in the sample, 
induced photonuclear reactions in the sample resulting in neutron 
emission. We measured the neutron flux using five Bubble dosime-
ters (Bubble technology industries) positioned 26 cm downstream 
from the 238U converter outside the vacuum vessel. The neutron flux 
was determined with the same procedure described in (20, 42) and 
was found to be 7.1 × 105 neutrons per Joule of laser energy.

DISCUSSION
In the work presented here, we show that ionization injection in 
DLA becomes inefficient when the plasma is depleted of new elec-
trons to supply. The practical implication is that to maintain efficient 
acceleration, targets with sufficiently high atomic number must be 
matched to the laser intensity. Furthermore, we have shown that us-
ing millijoule-level pre-pulses to form the plasma plume and allow-
ing it to expand over a period of tens of nanoseconds results in high 
pointing stability of the electron beam, notably superior to the shorter 
expansion times used in other experimental scenarios.

Fig. 5. The interplay between ionization levels and effective DLA. (A) The initial plasma density profile for three plasma plumes, created with expansion times of tpre
main

 = 
10, 30, and 60 ns. (B to D) Longitudinal phase space density snapshots at t = 1200 fs, for Z = 28, Z = 33, and Z > 38, respectively.
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Past PW-level DLA experiments using low-​Z plasmas resulted in 
electron beam temperatures of about 10 MeV (20). The photoneu-
tron production cross section in most materials peaks in the range 
of 10 to 40 MeV (43), and so only the high-energy tail of the Brems-
strahlung spectra produced with such electrons induced neutron 
emission. Our discovery therefore indicates that repeating these 
experiments with high-​Z plasmas will increase the photoneutron 
yields well beyond the temperature scaling in Fig. 1. These increased 
neutron yields are required to enable a wide range of research and 
applications, such as investigation of nucleosynthesis in the labora-
tory (44), performing nondestructive material analysis (45), and 
industrial applications (46). To illustrate this point, Fig. 6 presents 
particle transport simulation results of monoenergetic electrons im-
pinging on a 10-cm block of Cu. These simulations were conducted 
using the FLUKA Monte Carlo package (47), with the same meth-
odology described in (20). The efficiency of converting electrons to 
neutrons is plotted in black, and the photoneutron production cross 
section of Cu (48) is shown in red.

On the multi-PW level, the electron energy cutoff in DLA pres-
ents a nontrivial dependence on the pulse width and laser focal size 
(49), and radiation reaction of the electrons becomes prominent 
(50, 51). The Z-dependence of DLA discussed here should also be 
taken into account in, e.g., proposed schemes direct acceleration of 
positron beams from plasma (52).

MATERIALS AND METHODS
Experimental setup
We performed the experiments using the NePTUN 20 TW laser sys-
tem at Tel Aviv University (53). Cartoon schematics of the irradia-
tion setup is shown in Fig. 2A. Thirty-femtosecond-long laser pulses 
with energies in the range of 100 to 300 mJ (on-target) were focused 
using an f/2.5 off-axis parabolic mirror unto 800-nm-thick Au or 
poly(methyl methacrylate) layers, deposited over a freestanding 
200-nm-thick SiN membrane (54). We measured 70% of the laser 
energy to be contained within a circle of 5.7-μm diameter. An auto-
mated target system delivered the targets to the laser focus at a rate 
of up to 0.2 Hz (55).

The residual energy from the front-end pump laser was used as 
the source for the engineered pre-pulses. These λ = 532 nm, E = 0.03 
to 2 mJ, and τpp = 43-ps laser pulses are optically synchronized with 
the main pulse. Before focusing, the pre-pulse was spatially filtered 
and collimated. A relative delay of Δtpre

main
 = 0 to 90 ns between the 

pre- and main pulses was achieved using a multiplane delay line 

(56). Seventy percent of the pre-pulse energy was measured to be 
contained within a circle of 8.5-μm diameter. Under these different 
irradiation conditions, we recorded snapshots of their plasma den-
sity profiles using the Nomarski interferometric technique (57, 58). 
The interferometric probe was a second harmonic of the main laser 
pulse, propagating parallel to the target and perpendicular to the 
focal axis of the main pulse. We recorded electron spectra using a 
charge-coupled device imaging a CsI(Tl) scintillator (59) at the focal 
plane of a magnetic spectrometer, described in detail in the supple-
mentary note of (20).

PIC simulations
PIC simulations carried out with the EPOCH code (32). The simula-
tion space was defined as a (200 μm)⊥–by–(400 to 1200 μm)∥ box 
with (4000)⊥–by–(8000 to 24,000)∥ computational mesh cells of size 
of 50 nm by 50 nm. The laser pulse had a Gaussian temporal profile 
with a 30-fs width (full width at half maximum), focused to a Gauss-
ian intensity distribution with a waist diameter of 2.62 μm, a wave-
length of 800 nm, and in p-polarization. The peak laser intensity was 
3.0 × 1019 W cm−2 (a0 = 3.7). Simulations ran for a total duration of 
1320 to 4600 fs to ensure propagation of the pulse through the full 
simulation space.

Distinction between DLA and LWFA
The relative contributions of DLA and LWFA to the acceleration of 
each simulated electron are quantified by considering the integrated 
work performed on it in the longitudinal and transverse direc-
tions (18, 38)

where E∥P∥ and �⃗E ⊥ ⋅
�⃗P ⊥ are the products of the energy and momen-

tum components in the directions parallel and transverse to the laser 
direction, respectively. This distinction is a good measure for the 
dominant acceleration mechanism because, while, for LWFA, the ac-
celeration occurs via the forward-pushing field gradients in the plas-
ma wakes, for DLA, electrons are gaining energy through transverse 
oscillations, which are later directed forward through J⃗ × �⃗B forces.
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