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Abstract: X-ray generation via synchrotron radiation and bremsstrahlung in the interaction of short
laser pulses with a solid target is of much current interest owing to its numerous applications. The effi-
ciency of laser to X-ray energy conversion is thus a crucial factor. We found that the energy conversion
efficiency of synchrotron radiation and bremsstrahlung is mainly governed by the ratio of the laser
pulse width to the preplasma width, which is in turn governed by the laser profile, intensity, and spot
size. Synchrotron radiation dominates when the ratio is less than unity, otherwise bremsstrahlung
dominates. The type of radiation can thus be controlled by tailoring the laser parameters.

Keywords: laser–plasma interaction; X-ray generation; particle-in-cell simulation

1. Introduction

Depending on their energy and other properties, high-energy X-rays from the interac-
tion of high-intensity lasers with solid targets have a wide range of applications in the basic
sciences [1], medical imaging [2,3], defense, and other industries [4–6], etc. In laser–plasma
interaction (LPI), the properties of the low-density transparent preplasma produced by the
laser prepulse can play important roles, especially in X-ray generation [1]. If the preplasma
is sufficiently long, a considerable amount of laser energy will be deposited in the pre-
plasma, producing relativistic electrons. The latter can generate X- and even γ-rays through
inverse-Compton scattering [7,8] and/or betatron radiation [9], which can be regarded
as synchrotron radiation, during their motion in low-density preplasma region. Knowl-
edge of the intensity and spectral distribution of these high-energy radiations are useful
for diagnosing the preplasma as well as the laser-driven relativistic electrons. Moreover,
with higher (IL & 1022 W/cm2) laser intensity, radiation reactions in the above radiation
processes can become important [10–13], thereby providing an experimental platform for
verifying the existing assumptions/theories of radiation reaction [13]. As the laser reaches
the target’s critical-density region, its energy will be absorbed by the affected electrons
through collisionless mechanisms, such as vacuum and j× B heating, and accelerating
them to relativistic energies [14–18]. As they collide with the target ions and atoms, the
energetic electrons can generate bremsstrahlung as well as characteristic X-rays. High-
energy X-rays can easily pass through solid matter and are thus useful as a backlighter
for diagnosing the content and structure of dense matter [19–27]. Bremsstrahlung from
laser–target interactions are also of basic scientific interest. For example, Chen et al. re-
cently experimentally considered >70 keV X-ray conversion efficiency with the ARC laser
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at the National Ignition Facility [28], Compant La Fontaine et al. considered laser-driven
photon dose and bremsstrahlung spectrum using various metal targets [29],and Singh et al.
considered laser-driven plasma and bremsstrahlung characterization [30], etc. The laser
intensities and pulse lengths in these experiments are typically less than 1019 W/cm2 and
greater than 1 ps.

Recently, there has been much theoretical and experimental interest in the energy
conversion efficiency of the radiation mechanisms [31–39], as well as their dependence on
the laser and target parameters [40–43]. For example, Pandit et al. [40] found that if the laser
intensity exceeds ∼ 1022 W/cm2, synchrotron radiation dominates. Wan et al. [41] found
that, for 1 µm thick Al and Au targets, synchrotron radiation dominates if IL ≥ 1021 W/cm2

and IL ≥ 1022 W/cm2, respectively. Vyskočil et al. [42] found that, in general, the conversion
efficiency of bremsstrahlung increases with the target thickness and the laser intensity,
and the conversion efficiency of nonlinear inverse Compton scattering increases with the
laser intensity [43]. These studies suggest that synchrotron radiation dominates for high-
laser intensities (IL ≥ 1022 W/cm2) and/or thin targets. More recently, Miller et al. [44]
simulated bremsstrahlung X-ray generation in laser–solid interactions for use as light
sources in high-energy density science. A phenomenological model where the temperature
scales with the laser duration and plasma density scalelength is presented for the transition
from superponderomotive to ponderomotive temperatures.

However, the above studies involve bremsstrahlung driven by highly intense lasers.
For interactions of moderate-intensity (say, 1019 . I . 1021W/cm2) lasers with solid
targets, the dominant radiation mechanism still remains unclear. In this paper, using
mainly two-dimensional particle-in-cell (PIC) simulations, we investigate and compare
the conversion efficiencies of synchrotron radiation and bremsstrahlung in this regime,
especially their dependence on the preplasma scalelength, laser intensity, and spot size. We
found that the relationship is mainly determined by the parameter α ≡ cτd/∆x1, where
c is the light speed, and τd and ∆x1 are the widths of the laser pulse and the transparent
preplasma, respectively. The dominant radiation mechanism can therefore be controlled by
tailoring laser pulse parameters, such as its contrast, intensity, and spot size.

2. Methods and Simulation Setup
2.1. Simulation Tool

The PIC code EPOCH [45] (version number 4.17.8) used in our study of the electron
acceleration and radiation processes is capable of simulating the bremsstrahlung radiation
while calculating the movement of electrons in the electromagnetic fields by implementing
a Monte-Carlo (MC) module in the PIC loop [41,42].

In the MC module, bremsstrahlung photon generation in the interaction of laser-
driven energetic electrons with the target atoms is modeled by random scattering events
that depend on the differential cross section of the collision event. The reduced energy κ of
the produced bremsstrahlung photon is obtained according to the probability distribution
p(ε, κ) = 1

κ χ(Z, ε, κ)Θ(κ − κcr), where ε is the electron energy, Z is the atomic number, κ
is the ratio of the photon-to-electron energies, κcr is the cut-off energy, and χ(Z, ε, κ) is
a scaled differential cross section. For electrons with energy above 500 keV, the photon
emission angle is set to be parallel to the electron momenta.

2.2. Simulation Setup

In the simulations, a linearly polarized (in the y direction) Gaussian laser pulse of
wavelength λ = 800 nm and period TL = λ/c ' 2.67 fs enters the simulation box from
the left boundary and propagates in the x (or longitudinal) direction. The copper solid-
density plasma slab is 5.0 µm thick and of uniform electron density ne = 30nc, where
nc = 4π2ε0mec2/e2λ2 ' 1.75× 1021 cm−3 is the critical density. The electron density profile
of the preplasma is ne(x) = ne(x0) exp(−|x− x0|/L), where ne(x0) = 30nc, x < x0, and x0
is the position of the slab’s front surface. The preplasma is truncated at ne = 0.05nc.
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The rectangular simulation box is 125 and 40 µm in the x- and y-directions, respectively.
The spatial resolution is 0.0125 µm and 0.02 µm for the x- and y-directions, respectively.
In each cell there are 200 macroparticles each for the electrons and copper ions. The
boundary conditions are open for the fields and thermal for the particles. When a particle
leaves the simulation box boundary, it is replaced by an incoming particle sampled from a
Maxwellian distribution with the same temperature [45,46]. Both synchrotron radiation and
bremsstrahlung photons are recorded at their emission location, but low-energy (<10 keV)
photons are ignored. Unless otherwise stated, the total simulation time is tend ∼ 200TL.

For investigating the effect of the preplasma scale length L, the laser parameters are
fixed at focal spot radius r0 = 3.0 µm, FWHM temporal duration τd = 9TL, peak intensity
I0 = 7× 1020 W/cm2 (i.e., the laser parameter is a0 ∼ 18), with L = 0.15, 0.5, 1.5, 3.0, 5.0,
and 15.0 µm considered. For investigating the effects of the laser parameters, we consider
two control groups. First, the effect of the laser intensity is studied for focal spot radius
r0 = 3.0 µm. For L = 0.5 µm, we set a0 = 6.0, 9.0, 18.0, and 38.0; and for L = 5.0 µm we set
a0 = 6.0 and 18.0. In addition, three 1D simulations for L = 0.5 µm and a0 = 6.0, 18.0, and
38.0 are carried out in order to see the longtime (tend ∼ 5.0 ps) behavior of bremsstrahlung.
In the second control group, the effect of the laser focal spot radius r0 is studied for
a0 = 18.0. For L = 0.5 µm, we set r0 = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.5, 6.0, 7.5, and 9.0 µm; and
for L = 5.0 µm we set r0 = 0.5, 1.0, and 3.0 µm. The laser pulse energy is the same in all
our simulations.

3. Results
3.1. Effect of the Preplasma Scalelength

From Figure 1c,f, we see that the preplasma scalelength L affects the laser energy
transfer to the electrons and thus the radiation. For 3.0 µm < L < 15.0 µm, the energy
conversion rate ηe0 from the laser to preplasma electrons is high, but that (ηe1) from the laser
to slab electrons is very low. For 0.15 µm < L < 3.0 µm, ηe0 decreases rapidly with L, but ηe1
increases. Despite the differences in detail, the dependence (on the interaction parameters)
of the energy conversion rate (ηγ,s) from the laser to synchrotron radiation is similar to that
of ηe0. That is, synchrotron radiation is mainly produced by the laser-driven preplasma
electrons, and the laser-to-bremsstrahlung energy conversion rate ηγ,b is not sensitive to L
for 0.5 µm < L < 5.0 µm. For the extreme case L = 15.0 µm, bremsstrahlung photons are
produced by the laser-accelerated preplasma electrons as they propagate through the slab,
because no laser energy is transferred to the slab electrons with the initial solid-slab electron
spectrum hardly changed, as showed by Figure 1b. Figure 1e shows that for L = 1.5 µm
the bremsstrahlung photon number is much larger than that for L = 15.0 µm. Moreover,
one can see that the slab-electron spectrum for L = 1.5 µm is much wider, suggesting that
deposition of the laser energy in the slab electrons tends to enhance ηγ,b. This is because in
this case more relativistic electrons are produced which give rise to bremsstrahlung as they
pass through the solid slab.

For a0 � 1, the LPI contains two stages: for 0.05nc < ne < a0nc, the laser can
propagate in the preplasma and many of the affected electrons are accelerated by the
laser fields to relativistic energies and emit high-energy photons. In the second stage, for
ne > a0nc, the laser is cut off around ne ∼ a0nc and reflected. Electrons in the cut-off region
(skin layer) can also be accelerated and emit high-energy photons as they interact with
the laser light. Simulation results show that for given laser parameters, the laser energy
deposition in the first and second stages are different as L changes. For long preplasmas
with L = 15.0, 5.0, and 3.0 µm, almost all the laser energy is deposited in the preplasma,
and the second stage of the interaction is negligible.
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Figure 1. (Color online) Energy spectra of the (a) preplasma electrons, (b) slab electrons, (d) syn-
chrotron photons, and (e) bremsstrahlung photons, for L = 0.15, 0.5, 1.5, and 15 µm. (c) The
laser-to-electron energy conversion efficiency ηe versus the preplasma scalelength L. (f) the laser-
to-photon energy conversion efficiency ηγ versus L. In (c), the orange and blue curves represent
the energy conversion efficiencies ηe0 and ηe1 in the preplasma and slab, respectively. In (f), the
orange and blue curves denote ηγ,s and ηγ,b of the synchrotron-radiation photons and bremsstrahlung
photons, respectively.

As an example of the mechanisms and relative importance of synchrotron radiation
and bremsstrahlung in the different parameter regimes, it may be instructive to consider
the case L = 5.0 µm in more detail. With the slab located in 35 µm < x < 40 µm, a long
preplasma of density 0.05nc < ne < a0nc is located in 3.0 µm < x < 32.4 µm. As the laser
pulse propagates through the preplasma, its ponderomotive force displaces the background
electrons, forming a positive channel with bounding sheaths of elevated density, as can be
seen in Figure 2a. Figure 2c shows that these electrons are readily accelerated to relativistic
energies by the laser light, and they can continuously gain energy by direct laser acceleration
(DLA) as they co-propagate with the laser, as well as emit high-energy photons, as shown
in Figure 2d,e. Figure 2b shows that at around t = 50TL, the laser is cut off near x = 28 µm,
but the co-moving relativistic electrons continue to move forward. Figure 2f shows that at
about t = 50TL, ηe0 ∼ 0.85 and ηγ,s ∼ 0.0016. That is, most of the laser energy is converted
into that of preplasma electrons, and with only a small amount into that of the synchrotron
photons. Both ηe0 and ηγ,s become saturated shortly after the laser propagation is cut off.
That is, the photons here are from synchrotron (more precisely, betatron) radiation rather
than inverse-Compton scattering. In this case, the synchrtron radiation dominates since
ηγ,s � ηγ,b.

For medium-length preplasmas with L = 1.5 µm and 0.5 µm, the laser energy is
deposited in both the first and second stages of the LPI. As an example, we consider the
case L = 0.5 µm in more detail. The slab is located in 20 µm < x < 25 µm, the preplasma
region with density 0.05nc < ne < a0nc is located in 16.8 µm < x < 19.74 µm. As shown
in Figure 3a, from the beginning of the LPI to t ∼ 35TL, ηe0 remains roughly the same as ηe
(ηe0 + ηe1 = ηe). However, ηe continues to increase even though ηe0 is saturated at t ∼ 35TL,
and becomes saturated only at t ∼ 40TL. That is, before t ∼ 35TL, the LPI is in the first-stage,
and from t ∼ 35TL to t ∼ 40TL, the LPI is in the second-stage. Similar to the long preplasma
case, during the first-stage, the laser pulse propagates in preplasma, as shown in Figure 3b.
Figure 3d,e show that a small number of electrons can be accelerated to relativistic energies
by DLA. Figure 3f shows that these electrons can emit high-energy photons by betatron
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radiation. However, the orange curve in Figure 3a shows that ηγ,s ∼ 0.02%, much less
than that in long preplasma case. During the second-stage interaction, the laser pulse
propagation is cut off at dense plasma boundary with the laser pulse being reflected, as
shown in Figure 3c. However, the laser electric field can still penetrate into the skin layer
of the dense plasma and accelerate the surface electrons there to relativistic energies. The
black curve in Figure 3g shows that with the expulsion of these energetic electrons, an
electrostatic sheath field is built up. Figure 3g,h show that electrons on the front surface
are then accelerated by both the laser electric field and the sheath field until the end of
the second-stage interaction. Relativistic electrons accelerated in both the first and second
stages can emit high-energy photons by bremsstrahlung, as can be seen in Figure 3i. After
the laser pulse is fully reflected at t ∼ 40TL, ηγ,s tends to saturate, but ηγ,b continues to
increase, as shown in Figure 3a, due to bouncing of the energetic electrons trapped between
the electrostatic sheath fields at the front and back slab surfaces. Eventual saturation of
bremsstrahlung shall be discussed later.

Figure 2. (Color online) Results for L = 5.0 µm. Density (normalized by nc) of the preplasma electrons
at (a) t = 40TL and (b) t = 50TL, where the black curves are for the normalized laser electric field
eEy/meω0c at y = 0. (c) Trajectories of typical preplasma electrons. The color bar is for γ, showing the
energy gain process. The vertical dashed lines mark the target slab. (d) Energy gain by the electrons
shown in (c), where the blue and orange curves show their energy gain Γj = −

∫ t
0 evjEjdt/mec2,

j = x, y, in the longitudinal and transverse directions, respectively. (e) Density of the synchrotron
photons at t = 55TL. (f) Evolution of ηe0 (blue curve) and ηγ,s (orange curve).

For the short preplasma with L = 0.15 µm, the slab is located in 5.0 µm < x < 10.0 µm,
with the region 0.05nc < ne < a0nc in 4.04 µm < x < 4.92 µm. After only about one
cycle in the preplasma, the laser pulse begins to interact with the slab. There is almost no
laser energy loss in the preplasma, so that the first interaction stage is ignorable. However,
the laser is reflected after penetrating only about a skin depth into the slab, as shown in
Figure 4a. Nevertheless, the laser fields can accelerate the surface electrons to ∼10 MeV in
just one cycle (6TL < t < 6TL + 2τd), corresponding to the rapid-rising stage of ηe1 shown in
Figure 4d. Interaction between the laser pulse with the slab ends at around t = 24TL, when
ηe1 becomes saturated at about 27%. However, the electrons trapped between the sheath
fields at the slab’s surfaces can emit high-energy bremsstrahlung photons as they bounce
back and forth, as can be seen in Figure 4b,c. Thus, bremsstrahlung lasts much longer than
the laser pulse duration, as can be seen from the evolution of ηγ,b shown in Figure 4d. As
mentioned, the low level (<0.01%) of ηγ,s is because no laser energy is deposited in the
first-stage interaction (i.e., with the preplasma).
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Figure 3. (Color online) Results for L = 0.5 µm. (a) Evolution of the energy conversion efficiencies: ηe

(blue solid curve), ηe0 (blue dashed curve), ηγ,s (orange curve), and ηγ,b (green curve). (b) Distribution
of the total electron density (normalized by nc) at t = 30TL, and the normalized laser electric field
eEy/meω0c (black curve) on y = 0. (c) Same as (b), but for t = 35TL. (d) Trajectories of typical
preplasma electrons with their local energy given by the color bar. (e) Energy gain of the electrons
in (d), where the blue and orange curves show the energy gain in the longitudinal and transverse
directions, respectively. (f) Density of the synchrotron photons at t = 80TL. (g) Trajectories of the
slab electrons with their local energy given by the color bar. The black curve shows the normalized
longitudinal electric field eEx/meω0c (right vertical-axis label) on the y = 0 axis. (h) Energy gain Γ of
the electrons in (g), where the blue and orange curves show the energy gain in the longitudinal and
transverse directions, respectively. (i) Distribution of the bremsstrahlung photons at t = 80TL. The
vertical dashed lines in (d,g,f,i) mark the target slab.

Figure 4. (Color online) Results for the case L = 0.15 µm. (a) Normalized total electron density ne/nc

(color bar) at t = 15TL, and the normalized laser electric field eEy/meω0c (black curve) on the axis y = 0.
(b) Trajectories and energy γe1 of typical slab electrons, and the normalized longitudinal electric field
eEx/meω0c (black curve) on the axis. (c) Density of bremsstrahlung photons at t = 75TL. (d) Evolution of
ηe1 (blue curve) and ηγ,b (orange curve). The vertical dashed lines in (b,c) mark the position of the slab.
The dashed lines in (d) mark the laser-to-electron energy-conversion efficiency saturated at t = 25TL.
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3.2. Effect of Laser Intensity and Spot Size

For fixed laser parameters, the parameter α changes from�1 to�1 as the preplasma
width is reduced. We found that with increasing α, synchrotron radiation is suppressed
and bremsstrahlung becomes dominant. A similar behavior also appears if the preplasma
scalelength is fixed but the laser pulse parameter is varied. The change in laser pulse dura-
tion τd can directly change α. For a laser pulse of fixed energy, we have τda2

0r2
0 = constant.

In the 2D cases considered, this relation becomes τda2
0r0 = constant. Thus, the parameter α,

or the radiation mechanism, can be controlled by tailoring a0 and/or r0.
For long preplasmas (say L = 5.0 µm), synchrotron radiation is dominant since

ηγ,s � ηγ,b. In this case, α� 1 for a0 = 18, r0 = 3.0 µm, and τd = 9TL. Synchrotron radia-
tion suppression can thus be achieved by increasing α, such as by keeping a0 unchanged
and decreasing r0, or keeping r0 unchanged and decreasing a0, as shown in Figure 5a. Rela-
tive to the original case (orange curve with triangle marks), ηγ,s decreases with decreasing
r0 (r0 = 1.0 µm, orange curve with squares) and decreasing a0 (a0 = 6, orange curve with
circles), but ηe for these three cases (blue curves) are not so different. In fact, for all the three
cases, ηe0 ∼ ηe (the blue dashed and solid curves in Figure 5a overlap). This indicates that
in all the three cases almost all of the laser energy is transferred to the preplasma electrons.
If a0 or r0 is decreased, ηγ,s can be reduced to a level comparable with ηγ,b, as shown in
Figure 5b. In fact, for r0 = 1.0 µm, we have ηγ,s ∼ 0.03% (orange and green curves with
squares). For a0 = 6, (orange and green curves with circles), we see that ηγ,s < 0.01%, and
ηγ,b overtakes ηγ,s. It is of interest to note that although the laser pulse parameters are quite
different in these three cases, the bremsstrahlung power from them are not much different,
namely dηγ,b/dt = 1.53× 10−6 fs−1 for a0 = 18, r0 = 3.0 µm, dηγ,b/dt = 1.43× 10−6 fs−1

for a0 = 18, r0 = 1.0 µm, and dηγ,b/dt = 1.03× 10−6 fs−1 for a0 = 6, r0 = 3.0 µm.
For the medium-width preplasma, such as L = 0.5 µm, we have ηγ,s ∼ 0.02%, and

ηγ,b with a steady growth rate of 5.40× 10−6 fs−1 overtakes ηγ,s, as shown in Figure 5d
by the orange and green curves with circles. In this case, α > 1 for a0 = 18, r0 = 3.0 µm,
and τd = 9TL. Keeping r0 unchanged, the variation of ηγ,s with a0 is shown in Figure 5c.
Increasing a0 from 18 to 38 causes α to change from >1 to <1, with ηγ,s reaching a high
level of 0.1% (orange curve with squares). Decreasing a0 from a0 = 18 to a0 = 6 causes
α to change from >1 to�1, with ηγ,s becoming negligible (orange curve with triangles).
As a0 decreases, ηe0/ηe also decreases, as shown by the blue curves in Figure 5c. Similar
to that for L = 5.0 µm, although the laser parameters are different, the bremsstrahlung
radiation power are not very different, namely, dηγ,b/dt = 5.40× 10−6 fs−1 for a0 = 18,
dηγ,b/dt = 4.76× 10−6 fs−1 for a0 = 38, and dηγ,b/dt = 5.01× 10−6 fs−1 for a0 = 6 as
shown in the panel (d). It is convenient to measure the long-time behavior of bremsstrahlung
by the attenuation of dηγ,b/dt to exp(−1) of its peak value. To save computation time we
carried out 1D simulations for this purpose. It should however be noted that this may
overestimate ηγ,b and the bremsstrahlung duration since lateral escape of electrons and
light is precluded. The results are shown in Figure 5e. For example, for a0 = 18 (orange
curve), the peak value of dηγ,b/dt ∼ 5.00× 10−6 fs−1. Around t = 1085TL, it decreases
to ∼1.83×10−6 fs−1, or exp(−1) of the peak value, and the corresponding ηγ,b is ∼0.17%.
Note that the bremsstrahlung pulse lasts ∼1000TL, much longer than that (τd = 9TL) of the
driving laser pulse. The results for a0 = 6 and 38 are similar, with the long-time behavior of
ηγ,b reaching 0.1∼0.2%, respectively, and the bremsstrahlung duration lasting much longer
than the laser pulse.

With the preplasma scalelength L fixed, ηγ,s depends mainly on α and the electron
energy. Electron energy gain by DLA during the first-stage of interaction depends strongly
on a0, as can be seen in Figure 6a. These high-energy electrons emit photons by synchrotron
radiation during the first-stage of the interaction, as shown in Figure 6b. The photon density
(green curve) for a0 = 38 is appreciably larger than that (orange curve) for a0 = 18 due to
the higher electron energy, the photon density (blue curve in the inset) for a0 = 6 is almost
negligible. This is consistent with the ηγ,s levels of these three cases. Figure 6c shows
the longitudinal distribution of bremsstrahlung photons of these three cases up to 160TL.
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Bremsstrahlung photons arise mainly from the slab region. Different from synchrotron
radiation, where radiation power depends strongly on the electron energy, radiation power
of bremsstrahlung is independent of electron energy. Thus, the bremsstrahlung photon
densities a0 = 38 and 18 are not much different, but their electron energy spectra are
clearly different in high-energy regions (>20 MeV), as shown in Figure 6c and the inset in
Figure 6d. The reason why the photon density of a0 = 6 case (the blue curve in Figure 6c)
is at a relatively low level is that the bremsstrahlung pulse is delayed, as can be seen in
Figure 5d. The conversion efficiency ηγ,b depends on the number of times the relativistic
electrons traverse the slab, which depends mainly on relativistic electrons with lower
energy, since they are more numerous and more easily trapped by the electrostatic sheath
fields. Figure 6d shows the average number 〈Ncross〉 of times that electrons of different
energies traverse the slab up to t = 160TL. For the >20 MeV electrons, 〈Ncross〉 ∼ 1, since
such high-energy electrons can propagate through the slab without being trapped. For the
<20 MeV electrons, 〈Ncross〉 increases with decreases in electron energy, indicating that
electrons of lower energies can be trapped in the slab and can traverse it many times. Up
to t = 160TL, 〈Ncross〉 for a0 = 38 (solid green curve) and a0 = 18 (solid orange curve),
and thus ηγ,b, are not much different. The 〈Ncross〉 for a0 = 6 case (solid blue line) is small
because rising of the laser pulse is relatively slow with τd = 81TL. At t = 200TL, the
difference of 〈Ncross〉 between a0 = 6 and 38 becomes smaller, as can be seen from the
dashed curves in Figure 6d. This is consistent with the result that ηγ,b for these three cases
are similar.

Figure 5. (Color online) (a–d) Energy-conversion efficiency versus t, from laser to: all electrons
(ηe, blue solid curves), preplasma electrons only (ηe0, blue dashed curves), synchrotron radiation
photons (ηγ,s, orange curves), and bremsstrahlung photons (ηγ,b, green curves). Panels (a,b) are
for L = 5.0 µm. Curve with: triangles is for a0 = 18.0 and r0 = 3.0 µm, circles is for a0 = 6.0 and
r0 = 3.0 µm, squares represent a0 = 18.0 and r0 = 1.0 µm. Panels (c,d) are for L = 0.5 µm. Curve
with: triangles is for a0 = 6.0, circles denote a0 = 18.0, squares represent a0 = 38.0. (e) ηγ,b versus t
for L = 0.5 µm from 1D simulations. The blue, orange, and green curves are for a0 = 6, 18, and 38,
respectively. The gradients of the curves in (b,d,e) are also explicitly given.
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Figure 6. (Color online) Results for L = 0.5 µm. (a) Energy gain of typical electrons in the transverse
direction. The blue, orange, and green curves are for a0 = 6, 18, and 38, respectively. The vertical
dashed lines in (b,c) mark the position of the solid target. (b) Longitudinal distribution of the
synchrotron radiation photon density at t = 160TL, obtained by summing along transverse direction.
The inset shows the blue curve (which is of much smaller magnitude) more clearly. (c) Longitudinal
distribution of bremsstrahlung photon density at t = 160TL, obtained by summing along transverse
direction. (d) Average number of times different-energy electrons traverse the slab from 21TL to
160TL (the dashed curves are up to 200TL). The inset shows the energy spectra of all electrons.

Decreasing r0 also decreases the electron energy gained by the DLA, so that ηγ,s
remains at a relatively low level and there is no large variation in ηγ,b, as can be seen in
Figure 5a,b. This behavior can be attributed to the fact that divergence of the laser pulse
increases with a decrease of its focal spot, so that the laser electric field decays rapidly as it
propagates in the preplasma. The dispersion angle of the Gaussian laser pulse is θ ∼ λ/πr0,
with r0 the focal spot radius at the beam waist. The laser electric field decreases with the
propagation distance d, or

a0

aw
=

1√
1 +

(
dλ
πr2

0

)2
, (1)

with aw being the value of a0 at the beam waist. If the beam waist is at the preplasma
boundary (ne = 0.05nc) and d = L/2 � ∆x1, for preplasma with L = 5.0 µm and
r0 = 3.0, 1.0, 0.5 µm, we get a0/aw = 0.996, 0.844, 0.366, respectively, showing that the
laser field attenuation is due to tight focusing. For preplasma with L = 0.5 µm and
r0 = 3.0, 1.0, 0.5 µm, we get a0/aw = 1.00, 0.998, 0.969, respectively, indicating that for short
preplasmas, suppression of ηγ,s is not obvious, which was also verified by simulations
(not shown).

4. Discussion

We have shown by simulating with different parameter combinations that synchrotron
radiation dominates when α < 1 and bremsstrahlung dominates if α > 1. The dependence
of α on the major parameters a0 and L may be obtained by noting the interdependence of the
laser and preplasma parameters. For a laser with a fixed energy and focal spot, we obtain
α ∝ 1/a2

0L, where we have noted that IL ∝ a2
0. Figure 7a shows a map of α(a0, L). One can

see that for fixed L (a0), reducing a0 (L) can change the dominant radiation mechanism from
synchrotron radiation to bremsstrahlung. On the other hand, for laser pulse with fixed

energy and intensity, we obtain α ∝ (r0L)−1
√

1 +
(
cλL/2πr2

0
)2, as shown in Figure 7b.

Thus, for fixed L (r0), reducing r0 (L) can change the dominant radiation mechanism from
synchrotron radiation to bremsstrahlung. In Figure 7, the cases simulated in the preceding
sections are marked by stars.
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Figure 7. (Color online) Dependence of α on a0 and L. The color bars are for lg(α). (a) 5 < a0 < 40,
0.1 µm < L < 20.0 µm, and r0 = 3.0 µm; (b) 0.5 µm< r0 < 10.0 µm, 0.1 µm< L < 20.0 µm, and
a0 = 18, with defocusing included. The dashed curves are for α = 1. The stars mark the cases
simulated in the preceding sections.

In summary, we employ the PIC simulation code EPOCH including a Monte-Carlo
implementation for bremsstrahlung to investigate electron acceleration and the subse-
quent synchrotron radiation and bremsstrahlung processes in the interaction of intense
laser pulses with solid-density targets. The energy-conversion efficiencies of synchrotron
radiation and bremsstrahlung are investigated in the moderate laser intensity range
1019 . I . 1021 W/cm2 as a function of the laser and plasma parameters. It is found
that the laser pulse and the transparent preplasma widths are important parameters de-
termining the two radiation processes, and that the dominant radiation mechanism can
be controlled by tailoring the parameter α = cτd/∆x1, or the laser contrast, intensity, and
spot size. Our findings can thus assist in controlling the radiation type in LPI research
and applications.
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