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A B S T R A C T

Advances in ultra-intense laser pulse and plasma diagnostic technologies have fostered tremendous progress in
the high-performance X-ray photon source. In this paper, we proposed a novel cone-attached sandwich target
with a sharp density gradient, which can guide and reflect much laser pulse to the target, to get a high-direc-
tional and micro-sized laser-plasma-induced X-ray source with a smaller divergence angle and higher brilliance.
2D PIC simulations were performed to investigate the laser-plasma-induced X-ray photon emissions in the
proposed target at a laser intensity of 2.5×1020W/cm2. Results indicated that most of the high-directional
photons were radiated by the forward-moving fast electrons. Although the accelerated electrons will experience
slightly transverse oscillations due to the electric field of the laser pulse, they will be guided and confined by the
self-generated magnetic field (311 MG) along the interface of the proposed target, and then the divergence angle
of the fast electrons can be deceased as well. These underlying mechanisms enhance the X-ray photon emissions
in the proposed target, which show a promising application in high energy density physics and inertial con-
finement fusion field.

1. Introduction

Laser plasma interactions have attracted much interest from

fundamental science to practical applications [1] because of the rapid
development of ultra-intense and ultra-power laser technology, ad-
vanced plasma target fabrications and diagnostic facilities [2]. What
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significantly attracts many researchers is the generation of high-direc-
tional X-ray photon source with high brilliance and small divergence
angle due to the critical roles it plays in many potential applications.
For example, a hard X-ray or γ-ray source with a high-intensity (> 1010

photons), short pulse duration time (fs∼ps), broad energy spectrum (up
to MeV) and small source size with several μm becomes desirable as
usual to diagnose the non-equilibrium and transient plasma in high
energy density (HED) condition [3,4]. Hard X-ray radiographic snap-
shots of cold dense DT fuel in inertial confinement fusion (ICF) was
employed to probe the implosion targets, and the technology was based
on the point-projection radiography which needs a broad photon en-
ergy range from 60 to 200 keV and smaller source size (several μm) [5].
High brilliance of 500–1000 keV X-rays was also required to realize the
optimum image contrast for non-destructive testing application in nu-
clear waste packages [6] and advanced materials measurement tech-
niques [7], considering X-ray transmission properties from the NIST
database tables [8]. The development of high brilliance X-ray source is
also crucial for microbeam radiation therapy to decrease acquisition
times at high spatial resolution [9,10], and this approach employed
planar μm-width X-ray beam arrays with high radiation doses of several
hundred Grays. Additionally, a modulated X-ray source, with a broad
photon energy spectrum (∼several hundred keV) and small divergence
angle because of different reentry altitudes and signal losses, is an
important component for effective X-ray communication [11], which
would be expected to mitigate blackout communication during space-
craft reentry and provide a high data rate with ground station [12].

Although a conventional X-ray tube is a cheap and flexible source
for these applications, the extremely low conversion efficiency from the
accelerated electrons to the emitted X-ray photons (∼1%) with a large
photon emission divergence and low radiation brilliance will limit its
application in these sophisticated research fields. Thus far, there existed
some X-ray generation mechanisms. For example, the conventional
synchrotron radiation facilities [13,14] are hard to extend the radiation
energy to MeV because of the dielectric breakdown of materials, and its
large-scale size and cost-consuming properties also limit the would-be
users. Recently, the all-optical inverse Compton scattering X-ray source
[15] becomes an intriguing alternative to synchrotrons, but its appli-
cation is still restricted due to the limited photon energies and field size.
Considering the X-ray attenuation in high-Z materials is high, it will not
suitable for some particular occasions such as the nuclear waste con-
tainers monitoring. Although the betatron radiation source has a
narrow divergence angle of photon emission, the photon yield is still
relatively low for HEDS because of the low charge electron beams
[16,17]. Currently, high-intensity laser interactions with plasma target
would generate a novel regime of the X-ray photon emissions through
the nonlinear synchrotron radiation, which attracts much attention
among a wide range of analytical and experimental studies [18–21].
Laser-plasma-induced X-ray sources will feature the high performance
photon emissions, such as the enhancement of energy conversion effi-
ciency, higher photon flux, and peak brilliance compared with the
conventional X-ray sources, making possible the realization of table-top
X-ray source. Multi-scale theoretical simulations accompanying the
experiments clearly [22] illustrate that the divergence angle and fo-
cused spot size of the emitted photon emissions are so large that we
cannot acquire much brighter and high-directional X-ray radiation
source. However, in the current literature little attention has been paid
to the relation of the emitted X-ray photons radiated by the fast elec-
trons, and also the deeper insight into the photon's collimation (angular
distribution) controlled by the guiding effects of the fast electrons under
the laser's electric field-induced strong transverse oscillations and the
self-generated magnetic field confinement.

In this paper, we proposed a special-structured (cone-sandwich)
target with a number density gradient which can significantly reduce
the divergence angle and transverse size of the emitted X-ray photon
emissions, followed by a detailed description of the underlying me-
chanisms in the laser-irradiated plasma target by using 2D Particle-In-

Cell (PIC) simulations. Results shown that for the cone-sandwich target
most of the X-ray photons were radiated by the fast electrons with the
forward-moving directions in the synchrotron radiation process com-
pared with the cone-plane target. However, we discovered that the
high-directional X-ray emission source with high brilliance was en-
hanced by another important mechanism simultaneously. Although the
fast electrons were accelerated and oscillated in the transverse direction
due to the electric field of the laser pulse, a kT-level self-generated
magnetic field along the interface of the target density gradient played
a significant role in confining and guiding the fast electrons transport,
strengthening the directionality of the photon radiations with high
brilliance and wide energy range. Compared with the cone-sandwich
target, the cone-plane target (for comparison) emitted an undirected
photon beam with large divergence angle and scattered fast electron
transport without self-generated magnetic field.

2. Theories and methods

As illustrated in Fig. 1, we proposed a novel cone-attached sandwich
target to get the high-directional laser-plasma X-ray source. The target
consisted of a 30 μm-long hollow open-tip copper cone connecting with
a 15 μm-long vitreous carbon sandwich layers with different number
densities. The thickness of the cone is 1.5 μm, and its open-tip angle is
30°. The 5 μm middle transport channel radius was chosen to match the
laser's spot size and optimize laser coupling into the channel. The si-
mulations were carried out by the relativistic parallel 2D-PIC EPOCH
[23] code in a region of 50 μm×40 μm whose cell size was
10 nm×10 nm with 58 electron macroparticles, 10 copper and 20
carbon ion macroparticles per cell. The boundary conditions for the
simulations are periodic in the y-direction and open in the x-direction.
To reduce the numerical heating due to the restrictions on the grid size
compared with Debye length, the simulations were performed using a
fourth order spline interpolation for particle weightings. A p-polarized
Gaussian laser pulse with the wavelength (λ) of 1.0 μm and the duration
(τ) of 1.5 ps in FWHM propagated from the left boundary to the right.
The laser had a maximum intensity of 2.5×1020W/cm2 in the y di-
rection with a FWHM spot size (w0) of 6.0 μm. The laser was incident
normally on the middle carbon layer surface and kept on for the entire
duration of the simulations. The initial ionization charge state for
copper was set to +4, and we initialized the sandwich parts as fully
ionized carbon plasma with different electron densities (5nc in the
middle layer, and 30nc in the top and bottom layers), which in practice
correspond to foam (low-density)/plastic (high-density) target or
plastic (low-density)/aluminum (high-density) target. Here nc was the
critical density (at which the plasma frequency equals the frequency of
an electromagnetic wave through a plasma). In order to explain the
advantageous properties of the suggested configuration on the high-

Fig. 1. Schematic diagram the cone-sandwich target, the principles of fast
electrons guiding and X-ray photon emissions in the synchrotron radiation
driven by an ultra-intense laser pulse interaction with the plasma target. For
comparison, the reference cone-plane target with the same size is also studied,
but all the carbon number density is 5nc, where nc is the critical density for 1 μm
laser wavelength.

H. Li, et al. Fusion Engineering and Design 144 (2019) 193–201

194



directional X-ray emissions, we also investigated the cone-plane target
for comparison. The target was fabricated with the same size of the
copper cone and the uniform carbon density of 5nc. Enhanced Multi-
MeV photon emissions as a function of target density were revealed by
considering the ultra-intense laser intensities up to 1022W/cm2 [24].
The front surface of carbon middle layer is preceded by a 4 μm-long
exponentially decaying density profile varying from 0.01nc to 5nc with a
1/e scale length of 1 μm in order to increase the interaction time of the
laser with the under-dense pre-plasma.

The nonlinear synchrotron emission is regarded as the primary
source of X-ray photons in the quantum electrodynamic (QED) effects
[25,26]. The formation length of the photon emission and pair pro-
duction is much less than the scale of variation of the field in most cases
because the QED processes are usually only important for a laser
strength parameter (or normalized laser amplitude) a0≫ 1, where
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the normalized laser intensity). This parameter also estimates whether
the electron motion oscillating in the laser's electromagnetic field is in
the relativistic regime. The relativistic EPOCH code we employed in the
study has implemented QED subroutine which can be used for pair
production, synchrotron emission and radiation reaction studies during
the laser-plasma interaction [23]. The code contains a probabilistic
method based on the classical and QED synchrotron cross section to
calculate the hard X-ray photon emissions [26]. Note that, for in-
vestigating the photon emission distributions radiated by the fast
electrons, we calculated the generation points of the emitted photons
with energies higher than 10 keV in the current simulations, and their
motions through the domain were not simulated and then they stayed
where they were generated. In addition, we adopted cone-attached
structure for the following reasons [27]. First, the ultra-intense laser
light is reflected at the side wall of the cone, guided into the tip of the
cone and eventually most of the laser energy is deposited into the cone
tip [28] for the purpose of experiment. Also, it avoids the difficulty of
laser-driven hole boring into overcritical density plasma with laser
pulse. Final, it can prevent potentially deleterious laser interaction with
coronal plasma which will affect the incidence laser's properties in the
ICF field [29]. For a general laser-plasma interaction experiment, it is a
common practice to place the target in TCC (Target Chamber Center)
position. In this case, a laser with special energy will be compressed to
our expected pulse duration by a segmented-grating pulse compression
system. The laser pulse will be focused onto the target by an off-axis
parabolic mirror in p-polarization with an incident angle [30]. During
this process, one or more special diagnostic facilities will be exploited
to measure the target position from side/top view to ensure the ex-
periment conducted smoothly.

3. Results and discussions

3.1. Conversion of laser to target and guiding properties of fast electrons

The cone-sandwich target with number density gradient and the
cone-plane target with uniform number density were employed to ex-
amine the distribution of fast electrons and the emitted photons. For all
the simulations, we defined electron with a Lorentz factor of γ≥ 1.3
(corresponding to 150 keV) as fast electron, and the electron with
γ < 1.3 as bulk or background electron. That is, 150 keV in the si-
mulations is used as an arbitrary cut-off energy to differentiate the fast
and background electron.

Fig. 2 shows the corresponding 2D PIC simulation results of two
kinds of targets at 1.5 ps. During laser interaction with plasma target,
the laser's Rayleigh range (zR) is an effective parameter to describe the
distance along the propagation direction of a beam from the waist to
the place where the spot size increases by a factor of 2 and the in-
tensity is decreased by a factor of 2. In the current simulations, the

=z πw λ( / )R 0
2 was 28 μm, which was larger than the laser-plasma

interaction region size (15 μm). At the beginning of the simulation, the
laser intensity was ramped up over 210 laser cycles (Tc=3.3 fs) to the
maximum, after which the laser amplitude was kept constant to the end
of the calculation until 1.5 ps. For the cone-plane target with uniform
density (5nc), the laser beam propagation in the near-critical transpar-
ency regime will experience the severe transverse tilting in Fig. 2(e). As
the laser pulse deviates from its axis, so will the fast electrons ac-
celerated and transported by the laser pulse in Fig. 2(d). Since photons
are essentially emitted almost parallel with these fast electrons mo-
mentum during the synchrotron radiation process, the direction of the
photon beam also becomes unstable and is deflected along with the
turning trajectories of the fast electrons, as indicated in Fig. 2(f).
However, the titling behavior of the laser pulse propagation and the
scattering effect of the fast electrons are suppressed in Fig. 2(b) and 2
(a) by employing the proposed cone-sandwich target with density
gradient from 5nc (inner region) to 30nc (outer region). This leads to an
extremely high degree of collimation for photons, as illustrated in
Fig. 2(c). Therefore, the tilted laser's wavefront was modified by the
number density gradient, the intense laser was well guided, and the fast
electrons are directed along the channel axis. Accordingly, a stable and
high-directional X-ray photon beam is generated along the laser in-
cident axis in Fig. 2(c) compared with the cone-plane target. In the
following we discussed the fast electrons properties during the laser
interaction with the targets. Calculations of laser-to-fast electrons
conversion efficiency (ηL→f) in EPOCH were considered by taking the
ratio between the total energy of all fast electrons and the total laser
pulse as given [23]:

∑= × ×→
=

η
E
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j

N

j j j
laser 1 (1)

where Elaser is the total laser pulse energy, n is the number of macro-
particles with relevant weight w( ) and energy (E).

During laser interactions with plasma, a population of fast electrons
will stream out from the plasma in the backward direction and another
in the forward direction. It has been proved that the angular distribu-
tion of the fast electrons begins to increase drastically if the laser in-
tensity is above 1018W/cm2 [31]. In the current simulations, the di-
vergence angle (θ) of the electrons above 150 keV (γ≥ 1.3) was
derived from the momenta vector (px and py) of the tracked electrons.
Fig. 3(a) shows the angular distribution of the fast electrons streaming
out of the plasma in the forward direction and the corresponding
Gaussian fits with ∼ −f θ( ) exp( )θ

σ2

2
2 [32] of the cone-sandwich target,

and the parameter σ was fitted to be 45.1° and 47.1° for the forward-
moving fast electrons in the cone-sandwich target at 0.8 ps and 1.5 ps. A
great deal of fast electrons are trapped in the low-density transport
region of the cone-sandwich target (see Fig. 2(a)) and are confined
around the laser propagation axis with a relatively smaller divergence
angle. However, for the cone-plane target, as indicated in Fig. 3(b),
there are several peaks in the fast electrons angular distribution relative
to the laser's initial propagation axis at 0.8 ps and 1.5 ps. This means the
high-energy fast electrons are distributed asymmetrically and deflected
in a wide range of the transverse directions (see Fig. 2(d)).

As laser pulse propagates the target, laser's energy will be converted
into the fast electron energies and the relevant radiation processes by
either relativistically induced transparency [33] in the lower densities
(pre-plasma) or stable hole boring effects [29] in the higher densities.
Fig. 3(c) shows the total fast electrons energy as a fraction of the energy
which has entered the system by the laser pulse for two targets. In all of
the performed simulations, approximately 60% and 35% of the incident
laser energy has been transferred to the fast electrons and the forward-
moving fast electrons (with a positive px) for the two targets. This is in
good agreement with previous work by Ping et al in which the total
absorbed laser energy was investigated with different laser intensities
[31]. The slow increase in absorption curve after 1.1 ps simply depends
on the time it takes for laser pulse to reach the plasma target. For the
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two cases, the maximum value of the number density of fast electrons
induced by the laser pulse was approximately at 1.1 ps, which means
the more laser energy was converted into fast electrons. The electron
energy spectrum has two main components in PIC simulation of a laser-
plasma interaction, which are the generated fast electrons and a cold
background electrons that remain trapped in the plasma. Character-
ization of fast electrons involves fitting the slope temperature of high
energy tail of the electron energy spectrum which can be described by
Maxwellian distribution. That is, f(E)∼ E1/2exp(−E/Th), where E is the
electron energy (MeV) and Th is the hot electron temperature (MeV). As
shown in Fig. 3(d), the fitted slope temperature for the cone-sandwich
and cone-plane target is 4.34MeV and 4.53MeV, respectively. The
ponderomotive j× B heating scaling law overestimates the slope tem-
perature as Th(MeV)=0.511[(1+ I18/1.37)1/2− 1] of 6.41 MeV [34].
The difference between the calculation fitting values and the scaling
law because the law only depends on the laser's strength parameter
(Iλ2) and neglects the comprehensive effects of the fast electron gen-
eration, transport and self-generated magnetic field.

3.2. High-directional X-ray photon emission source

We first examined the number density profiles of the emitted pho-
tons during laser interactions with the cone-sandwich target in Fig. 2(c)
and the cone-plane target in Fig. 2(f), which illustrate that the photon
emissions are mainly distributed and collimated in the middle transport
region of the cone-sandwich target. The angular distributions of the
emitted photons relative to the laser propagation axis were calculated
in the middle region of the cone-sandwich target and the whole region
of the cone-plane target corresponding to the two different cases. We
defined the half spread angle of a photon as θ=tan−1(py/px), where px
and py are the momenta of the tracked photons in the x and y directions
in the EPOCH simulations. In general, it is a common practice that the
Gaussian function fits the photons’ angular distribution in laser plasma
interaction field by using the fitting function ∼ −f θ( ) exp( )θ

σ2

2
2 [32].

Fig. 4(a) illustrates that the emitted X-ray photons of the cone-sandwich

target are highly collimated and the angular divergence can be fitted
with σ of 45. 5∘ (FWHM = 107. 1∘) from the incident laser axis (0∘). It
should be pointed out that the proposed target guides the laser pulse so
that the emitted photon beam is symmetric and directed along the
transportation region channel. However, for the cone-plane target in
Fig. 4(b), the radiated photon emissions are off-axis and can be inter-
preted as two-directional distribution with a large transverse size of
fitted σ1= 71. 0∘ (FWHM1 = 167. 3∘) and σ2= 70. 6∘ (FWHM2 = 166.
4∘) relative to their own peak position at ∓150∘. Since the energetic
electrons accelerated by the laser pulse essentially emit photons parallel
to their momentum, the directivity of the photon beams in Fig. 2(f)
becomes unstable or unpredictable with a larger divergence angle
compared with the cone-sandwich target. In addition, the radiated
energy per photon at 1.5 ps of the two targets in the simulations as a
function of the emitting electron longitudinal momentum are in-
vestigated in Fig. 4(c). It shows that the most emitted high energy
photons are produced by the forward-moving fast electrons (px > 0) in
the cone-sandwich target (red), yet for the cone-plane target (blue) the
photons are emitted by both forward-moving (px > 0) and backward-
moving (px < 0) electrons. These correspond to the divergence angle
and number density distribution with the fast electrons in Figs. 2 and 3.
That means, the guided fast electrons propagating the cone-sandwich
target and scattered fast electrons traveling through the cone-plane
target would be the main reason of high-directional or low-directional
X-ray photon emissions.

Based on the above discussions, we have discovered that the pro-
posed cone-sandwich target shows a great advantage in the high-di-
rectional X-ray emission with a small transverse size compared with the
cone-plane target. Additionally, in EPOCH simulations, distribution
functions are normalized so that the value at every point of the dis-
tribution function is the number of particles within that cell of the
distribution function. That is, the number given in the distribution
function is the sum of all the particle weights for that particular energy
bin. The X-ray photon energy spectrum with a broadband tail, and the
cut-off photon has a high energy, although the corresponding photon

Fig. 2. Results of 2D simulation number density and laser electric field profiles. Number density of the fast electrons (γ≥ 1.3) at 1.5 ps during laser interaction the
proposed (a) cone-sandwich and (d) cone-plane (for comparison) target, which are normalized by the critical density nc of 1.1×1021 cm−3 for 1 μm laser wavelength.
Panels (b) and (e) show the electric field snapshots of the incident laser for the cone-sandwich and cone-plane target at 1.5 ps, respectively. Number density of the
emitted photons with energies greater than 10 keV in the (c) cone-sandwich and (f) cone-plane target at 1.5 ps.
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number are small. The maximum energy of the emitted X-ray photons
would be 250–300 keV for the two targets, as shown in Fig. 4(d). The
integrated photon emission numbers with a broad energy spectrum
from 10 keV to 300 keV for the cone-sandwich target was about
8.4×1013, which was at least 3 orders higher than that in the betatron
radiation [16,35]. If we consider the photon emission source radius of
4.5 μm (the cone-sandwich target), a divergence angle of 0.78×0.78
rad2, a bandwidth of 100%, and a pulse duration of 1.5 ps (same as the
laser pulse), this leads to a peak X-ray photon brightness up to
1021 photons/s/mm2/mrad2/0.1%BW. By estimating every emitted
photon's energy and combining its corresponding weight, the energy
conversion efficiency (ηL→p) from laser to the photons was about 4.2%
and 3.6% for the cone-sandwich and cone-plane target, respectively.
The ηL→p is related to the plasma number density, laser intensity,
guiding effects of fast electrons, and the strength of the quasi-static
magnetic field. Previous studies showed that the conversion efficiency
was up to ∼15% [19] with the laser intensity of 1022W/cm2. For the
cone-sandwich case, we tried to run the simulation with laser intensity
of 9.0× 1020W/cm2 further, the emitted photon's energy could be
extended to higher energies of 1–2MeV.

For the synchrotron radiation process, the photons are emitted al-
most parallel with the fast electrons momentum. In order to discover
the underlying mechanisms for the high-directional X-ray photon
emissions of the proposed target, let us consider the instantaneous
power radiated by a single fast electron as the following [25]:

= ∝P πm c
λ

α η g η η4
3

( ) ,
c

f c c c
e

3
2 2

(2)

where = + × −η γ E v B E v E( [ ]) ( · ) /c c c s
1 2 1 2

2 and g

≈ + + + + −η η η η( ) [1 4.8(1 )ln(1 1.7 ) 2.44 ]c c c c
2 2/3 . E and B are the

electric and magnetic fields of the laser pulse. v and = − −γ v c( (1 ( / ) ) )2 1/2

are the velocity and Lorentz factor of the electrons. Es≃ 1.3× 1018 V/m
is the Schwinger limit. λc is the Compton wavelength, and αf is the fine
structure constant. From Eq. (2) the photon radiations are emitted
mainly into a cone-angle, which would be regarded as entirely in the
forward direction by considering the fast electrons here. The parameter
ηc can be used for effectively estimating the strength of the electric field
compared to Es, and determines the photon's radiation process for an
ultra-relativistic electron in a strong electromagnetic field. The laser
typically accelerates electrons to γ∼ a0 [25], where a0 is the strength
parameter of the laser pulse. Supposing the maximum electric field of
the laser, Emax= 3.0× 1013 V/m, derives the ηc=9.8×10−5. From
the PIC simulations of the two targets, we observed ηc=1.7×10−3 for
the cone-sandwich target and ηc=1.2×10−3 for the cone-plane target
by considering the maximum photon's emission power. Note that such
high electric field of the laser does oscillate electrons in the transverse
direction, and the deflection angle relative to the laser propagation axis
is also illustrated in Fig. 3(a) and (b). The parameter ηc is lower than
what is derived from the PIC simulation. Therefore, we can conclude
that it should exist another mechanism to influence and enhance the X-
ray photon emissions in the real physical process. In addition, we

Fig. 3. Properties of fast electrons. (a) Angular divergence distribution of fast electrons (γ≥ 1.3) and the corresponding Gaussian fits of the cone-sandwich target at
0.8 ps and 1.5 ps, where θ=arctan(py/px); (b) Angular divergence distribution of the fast electrons (γ≥ 1.3) of the cone-plane target at 0.8 ps and 1.5 ps. The
distributions are averaged over domain between the middle transport region for the cone-sandwich target and whole region for cone-plane target. (c) Instantaneous
laser-to-fast electrons conversion efficiency. Time evolution of the total kinetic energy of the fast electrons (γ≥ 1.3) and the forward-moving fast electrons (px > 0)
for the two targets. (d) Electron energy spectrum snapshots at 1.5 ps for the cone-sandwich target (red) and cone-plane target (blue).
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calculated the important generation points of the emitted photons, and
their motions through the domain were not simulated and they stayed
where they were generated. However, the absorption of the emitted
photons by the target itself is an important issue. This is a must that we
fabricated target in the real experiment. In fact, if we used plastic in the
inner region (low density) for the cone-sandwich target, the density
gradient will guide the fast electron transport and then the resultant
high-directional photon emissions in this region. In this case, the
transmission coefficient is greater than 99.5% and 95.6% for the pho-
ton's energy above 10 keV in 10 μm and 100 μm plastic target [36].
Therefore, the divergence angle distribution and energy spectrum of the
emitted photons at the rear side of the target will not be influenced by
the absorption of the target itself. To have a good understanding of the
underlying mechanisms of the high-directional X-ray photon emission
in our proposed target, we will focus on the acceleration and propa-
gation mechanism of the laser-plasma-induced electrons in the fol-
lowing section.

3.3. Influence of self-generated magnetic field in high-directional photon
emissions

Based on the previous discussions, high-collimated fast electrons
propagating in the cone-sandwich target would be the main reason of
the high-directional X-ray photon emissions, which enhances the syn-
chrotron radiation positively. In general, for such overdense plasmas,

the generated fast electrons can be collimated [37] through either the
external magnetic field or the spontaneously self-generated magnetic
field. As illustrated in Fig. 5(a) and (b), the results clearly show that the
large quasi-static self-generated magnetic fields appear along the in-
terfaces of the cone-sandwich target with density gradient, and the
magnetic field is oriented to keep the fast electrons contained inside the
middle transportation region at two different times. At 0.8 ps we found
the magnetic field of 3.1157 kT (311 MG), which first appears at the
region close to the laser-plasma interactions region. After that, the
magnetic field continues to the rear side of the target due to the
transportation of the fast electrons until 1.5 ps. Seen from the direction
of magnetic fields along the interfaces of the density gradient, the fast
electrons can be guided inside the middle transport region due to the
imposed Lorentz force. This is also consistent with the guiding effects of
the fast electrons in Fig. 2(a). After traveling through the target, al-
though the fast electrons experience the obvious transverse oscillations
driven by the laser's electric field, they are accelerated in the forward
direction and confined by the self-generated magnetic filed into the
middle transport channel. The deviation of the fast electrons induced by
the magnetic field will enhance the high-directional photons in the
transportation channel, and this can be certificated well by the emitted
photon's number density profiles in Fig. 2(c). Contrarily, for the cone-
plane target in Fig. 5(c) and (d), no quasi-static self-generated magnetic
field is formed due to the uniform density distribution (5nc). Therefore,
after the fast electrons generation they are scattered almost in all

Fig. 4. Properties of the emitted photons. (a) Angular distribution of all the emitted photons relative to the laser propagation axis (0°) at 1.5 ps in the cone-sandwich
target; (b) Angular distribution of all the emitted photons relative to two-directional peak positions (∓150°) at 1.5 ps in the cone-plane target with a double-gaussian

fitting function of = − + −
− −f θ a a( ) exp[ ] exp[ ]θ θ

σ
θ θ

σ1
( 1)2

2 1
2 2

( 2)2

2 2
2 . The divergence angle θ of the emitted photon is calculated as θ=tan−1(py/px) for each emitted photon;

(c) The radiated photon energy as a function of the longitudinal momenta of the emitting fast electrons at 1.5 ps for the two targets; (d) The emitted photon energy
spectrum snapshots at 1.5 ps for the cone-sandwich (red) and cone-plane (blue) target, respectively.
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directions as shown in Fig. 2(d) and Fig. 3(b).
Thus far, several mechanisms can induce a strong magnetic field

generation in laser-plasma interactions, such as resistive jump [38,39]
and anomalous resistivity [40]. The magnetic field generation induced
by either the thermoelectric effect (∂B/∂t∝∇ n×∇ T) with a tem-
perature gradient, or the resistive material boundary ∂B/∂t= c
[ηr∇× jf+∇ ηr× jf] with the collision effects. Here, jf is the fast
electron current density, and ηr is the material's resistivity. In the cur-
rent case, the rapid magnetic field generation is produced by the den-
sity gradient which causes the rapid changing of the flow velocity of the
background return electrons in the transverse direction. Since the laser
pulse duration is longer than the plasma period, the plasma remains
charge neutrality throughout the process during the fast electrons
propagate the plasma target. In this case, a return current of back-
ground thermal electrons will be generated to neutralize the fast elec-
trons everywhere according to the Alfvén current limit [41], except at
the interfaces of different density regions within a skin depth. The self-
generated magnetic field exists within a skin depth width near the in-
terface of different regions, and can be expressed as the following for-
mula [42]:

∇ ×
∇×

+ = ∇ × − ∇ ×
m c

πe
γ

n
m γc

e n n
n

B
B j j

4
( ) ( 1 1 ),e

e

e

e
f

e
e f

2

2 2 2 (3)

where jf is the fast electron current density, and γ is the relativistic
factor of the fast electron. ne denotes the number density of different

regions in the target. From equation (3), the interplay of two effects will
serve to illustrate the generation of collimating magnetic field in solid
density region. The first right term induces a magnetic field which
pushes the fast electrons to the region of higher fast electron current
density, while the second term pushes the fast electrons towards the
region of lower density. The theory predicts that the growth of the out
of plane magnetic field at the interface between the two different fast
electron current density regions, and the collimating self-generated
magnetic field is expected to remain stable for the much longer pulses.
This is also the reason why we adopted a longer laser pulse duration
(1.5 ps) in our simulations. Supposing the number density of the middle
transportation layer is lower than those of the top and bottom layers,
then Eq. (3) gives the maximum self-generated magnetic field as the
following [42]:

≈ ≈
−

B m w n v
n n

η
f

I λ
n n n

v
cen

_ _
/

200
( _ )/

_
(MG),e

c

f f

c

μ

f c

f
max

0 l ow l ow

low

18
0.5

m

flow l ow

l ow

(4)

where nlow is the electron density of the middle layer (lower density
region), and I18 means the laser intensity in unites of 1018W/cm2.

≈n ηI λ f_ 2 /f μl ow 18
0.5

m is the fast electron density in middle layer [43],
and 2η/f is approximately 0.7072 at the higher laser intensity. v _f l ow is
the velocity of the fast electron. Using the initial target parameters and
substituting them into Eq. (4), the maximum estimation of the self-
generated magnetic field along the interfaces will be up to 292 MG. This

Fig. 5. Averaged z-component of the self-generated magnetic field Bz(T) along the interfaces of the density gradient at different times of (a) 0.8 ps and (b) 1.5 ps for
the cone-sandwich target, and averaged Bz(T) snapshots at (c) 0.8 ps and (d) 1.5 ps for the cone-plane target.
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value is in good agreement with the peak value of magnetic field (311
MG) derived from the PIC simulations. In such an intense magnetic
field, the Larmor radius (γL(μm)≈ 30EMeV/BMG) of the maximum fast
electron energy extracted from PIC results (28.4 MeV shown in
Fig. 3(d)) is approximately 2.74 μm. Thus, we expect significant guiding
and collimation effects of fast electrons in the transport channel with
low density (its radius of 5 μm in the target). Based on the above dis-
cussions, it is the self-generated magnetic field along the interface that
guides most of the fast electrons propagating the middle transport re-
gion in the proposed target, and then it is the collimated fast electrons
that radiates and enhances much higher-directional X-ray photons.

4. Conclusions

The current work aims at providing a high-directional laser-plasma
X-ray emission source assisted by the collimated fast electrons in targets
with a self-generated magnetic field, followed by the detailed discus-
sions of the underlying mechanisms. We have investigated the photon
emissions in the proposed cone-attached sandwich target with a
number density gradient at a laser intensity of 2.5× 1020W/cm2 by
using PIC simulations. We have directly shown that most of the high-
directional photon emissions are radiated by the forward-moving fast
electrons, compared with the cone-plane target. Although these fast
electrons will be experienced slightly transverse oscillations due to the
electric field of the laser, they can be guided and confined by the re-
sultant self-generated magnetic field along the interface of the proposed
target with a sharp density gradient. The magnetic field is large enough
to confine most of the fast electrons passing through the middle
transport region with a small divergence angle. Additionally, the si-
mulation results are consistent with the analytical model of the mag-
netic field generation. These findings indicate that it is the self-gener-
ated magnetic field along the interface that guides the fast electrons
propagating the middle transport region, and also it is the collimating
fast electrons that generates and enhances much higher-directional X-
ray photon emissions. Along with the fast-developing laser and plasma
diagnostic technologies, we expect that the high-directional and fo-
cused X-ray photon source has great potential applications in high en-
ergy density science, inertial confinement fusion, cancer therapy, ma-
terial science, X-ray communication modulated source, and so forth.
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