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Solar spicules are small-scale jet-like structures in the lower solar atmosphere.
Currently, the formation of these widely distributed structures lacks a complete
explanation. It is still unclear whether they play an essential role in corona heating.
Here, based on the magnetohydrodynamic scaling transformation relation, we
perform experiments with the interaction of a high power laser with a one-
dimensional sinusoidal modulated target to model solar spicules. We observe
several spicule-like structures with alternating polarity magnetic fields around
them. Magnetohydrodynamic simulations with similar parameters show the detail
information during the spicules’ formation. The results suggest that the so-called
strong pulse model can lead to the formation of the solar spicules. The magnetic
reconnection process may also play a part and lead to additional heating and
brightening phenomena.
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1 Introduction

Solar spicules are widely distributed in the lower solar atmosphere (chromosphere). The
general length of the Type-I spicules is about 7,000–10,000 km, and most of them have
widths of 300–500 km, and lifetimes of 1–10 min or even longer, the upward velocities of
about 20–40 km s−1, densities of about 3 × 10−13 g · cm−3 and temperatures of around
10,000 K, some spicules are heated to more than 100,000 K [1–7]. The spicules can carry
100 times the mass needed to sustain the solar wind [8]. Data from the Solar Dynamics
Observatory showed the upper solar atmosphere had been heated subsequently when the
spicules moved upwards [9]. There has been no conclusive explanation of the spicules since
their discoveries in 1877. Many models have been proposed based on the source of energy
driving the ejection of spicules from the chromosphere [10], including the strong pulse
model [11,12], the rebound shock model [13], the Alfv�en wave model [14–20] and the
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magnetic reconnection model [9,21]. Dey et al. discussed the
similarities between spicules observed on the Sun and jets
produced by polymeric fluids. They found that the nonlinear
focusing of quasi-periodic waves in an-isotropic media can
generate a forest of jets [22]. The strong pulse model depicts a
scenario where a sudden pressure enhancement produces a strong
pulse in the photosphere or lower atmosphere at the base of a vertical
magnetic flux tube that drives local material into the corona and
forms the spicules [11]. In this model, an initial pressure pulse
generates a disturbance that nonlinearly steepens into a gas-dynamic
shock. This shock can be considered as magnetohydrodynamic
(MHD) slow-mode shock for low-beta plasma. This shock
interacts with the transition region, thrusting it upward, and the
material behind the uplifted transition region is identified as the
spicules [2]. Similar to the above model, the rebound shock model
has a weaker pulse, although it can explain the distribution of
spicule-like structures everywhere in the chromosphere, it cannot
account for the periodicity, evolution, and energetic of the spicules
[10]. In addition to these hydrodynamic models, the magnetic field
may also play an important role in the spicule generation process
due to the complex field structure on the solar surface. Many
numerical simulations including MHD simulations and two-fluid
simulations indicate that Alfv�en waves, magneto-sonic waves, and
the magnetic reconnection process also contribute to the velocity,
length and collimation of the spicules [23–26]. However, it is still
uncertain which model is dominant due to the limitations in
observational resolution. As an interdisciplinary subject,
laboratory astrophysics provides one possible way for us to study
solar chromospheric spicules. Current observations are often limited
by resolution, atmospheric perturbations, and other factors, while in
the laboratory, using the interaction of high energy density lasers
with target materials, we can simulate astrophysical phenomena at
close range, short timescales (nanosecond), small scales (millimeter)
and controlled conditions [22,27,28], and eventually connect
laboratory simulations with astrophysical phenomena through
scaling laws and dimensionless parameters [29].

Based on the strong pulse model, we perform an experiment
using a nanosecond long-pulse laser impinging on a one-
dimensional sinusoidal modulated synthetic hydrocarbon (C8H8)
target to simulate the spicule generation process. Results from
nickel-silver-like 13.9 nm soft x-ray self-emission imaging system
(SXIS) show several jet-like structures appear behind the target.
Proton radiography reveals the magnetic field structure around the
spicules, similar to the Biermann self-generated magnetic field. The
results of a radiation MHD simulation program ‘FLASH’ show
agreement with the experimental results. We reproduce the
process of spicules generation through laser-target interaction
experiments, and by applying scaling laws, we can show the
relevance of the jet-like structures to solar spicules. This is a new
approach to studying spicules. It may show great significance for
further accurate magnetic field structure studies near the spicules’
footpoints and help the understanding of coronal heating and
material transport.

The paper is organized as follows. Section 2 describes the
setup of the experiment. In Section 3, we show the experimental
results and analyses with the help of three-dimensional MHD
simulations and discuss the applications in astrophysics. Section
4 summarizes the results, discusses some remaining problems,

and describes future works concerning about experiments and
simulations.

2 Experimental setup

We performed the experiments using the Shenguang-II laser
facility (SG-II) firstly [30]. Figure 1 shows the setup of the
experiment and the target configuration. The target was made of
C8H8, and it was sinusoidally modulated with a period of 55 μm, a
length of 2,200 μm, a width of 200 μm, a thickness of 18 ± 5 μm, and
an amplitude of 3 μm (Figure 1B). A modulated target with varying
thickness is used to imitate the tiny density disturbances and
alternating magnetic fields in solar chromosphere or lower
atmosphere (more details will be discussed in Section 3). The
experiment employed a main laser with a wavelength of 527 nm,
total energy of about 800 J and a pulse duration of 2 nanoseconds.
The target’s modulated side was irradiated with a 450 μm × 450 μm
square uniform illumination (with an intensity of ~ 1014 W · cm−2).
The diameter of the laser spot size is 7–8 times larger than the target
modulation period. Nickel-silver-like 13.9 nm soft x-ray self-
emission imaging technology (SXIS) is a new approach to
diagnosing the plasma self-emission intensity profile information.
The SXIS system consists of two mirrors (M1 and M2) and an
imaging unit (including a shielding cylinder, an aluminum film to
shield stray light, and an imaging plane). These mirrors have been
coated with multi-layer films that are only sensitive to wavelengths
around 13.9 nm. As a result, the self-emission radiation from the
plasma is reflected twice off these mirrors and then imaged on the
imaging plane (IP), as depicted in Figure 1. Themulti-layer spherical
mirror M1 and multi-layer spherical imaging mirror M2 can filter
out excessive radiation during laser-target interactions, which allow
us to obtain clearer structures [31]. We used SXIS to diagnose the
plasma self-emission profile after the main laser ablated the target,
and we obtained several jet-like structures. However, the magnetic
field was not obtained in this experiment, so we redesigned the
experiment to investigate the formation of the jet-like structures and
the role of the magnetic field in the plasma region.

In order to map the magnetic field structure of the interaction
region, a series of new experiments were performed on the
Xingguang-III laser facility (XG-III) [32]. The target parameters
were the same as before, but we increased the amplitude of the target
to 10 microns in order to observe a clearer phenomenon. The
experimental setup is shown in Figure 1A. The main laser
(wavelength λ = 532 nm, energy about 120 J, pulse duration 2 ns,
laser intensity ~ 1014 W · cm−2) focused on the modulated target
with a focal spot diameter of 200 μm. We used proton radiography
to diagnose the magnetic field [33]. The proton radiography is a
common technique for diagnosing the structures of the magnetic
fields. As the protons pass through the plasma, they are deflected by
the Lorentz force and eventually imaged on the radiochromic film
(RCF) stack. The protons on the RCF stack can form regions of
evacuation and accumulation that correspond to regions of strong
and weak magnetic fields, respectively [34]. Note that because the
proton speed is much larger than the plasma velocity, the electric
field has much less effect on the proton radiography. Therefore the
deflection of the proton is mainly caused by the magnetic field [35].
In the experiment, we used a short pulse laser to drive a proton target
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to produce a proton beam. The proton target consists of a 10 μmAu
foil, a 3 μmTa foil and a shielding cylinder made of Ni. A picosecond
laser (wavelength λ = 1,053 nm, energy about 100 J, pulse duration
0.86 ps, laser intensity ~ 1019 W · cm−2) is focused on the gold foil as
soon as the nanosecond main laser ends (t = 2 ns), which will
produce a beam of protons with an energy greater than 12MeV. The
proton source was 0.8 cm away from the target center. The RCF
stack was 12 cm away from the proton target center. The protons
passed through the plasma region in the direction of perpendicular
to the nanosecond laser incidence direction, and were imaged on the
multiple layers RCF stack. The protons with smaller energy will be
imaged in the RCF layer closer to the proton target, and those with
higher energy will be imaged in the RCF layer further to the proton
target. The magnification factor in this experiment was about 15.

3 Results and discussions

Based on the high energy density experimental facilities
described above, we use a modulated target to simulate the
density fluctuations on the solar surface (or lower
atmosphere). The high-power laser is like a sudden pressure
enhancement in the photosphere or low chromosphere. When
such a strong pulse hits the target, the laser drives a shock, which
drives material jets from the opposite surface of the target, due to
the interaction of the shocks and the ablative structures, which
may mimic the pressure driven spicules on the surface of the sun.
The magnetic Reynolds number is around 100 (ReM ~ L (cm)T
(eV)2), according to the scaling law, if the magnetic Reynolds
number in the experiment is at least an order of magnitude higher
than 1, the process can be reasonably described by MHD [36,37].
Through a series of experiments and simulations, we can connect
the results to the strong pulse model of solar spicules production
with scale transformation criteria.

Figures 2A, B show the results of SXIS obtained in the ‘SG-II’
experiment. A 450 μm × 450 μm square focal spot laser is irradiated
on a modulated target and a plain target, respectively. Darker color
represents stronger x-ray emission. The modulated target is
designed to imitate small density disturbances. A bush of spicules
is often produced at the boundary between two adjacent
supergranules [38,39]. In each supergranule, there are many
granules on a much smaller scale. In the process of granules’
formation, the hot gas from the inner part rises to the surface
and slides down again at the edge of a granule cell. As a result, the
density will be non-uniform across a single granule cell.
Observations also prove that the spicules originate from a small
region near the boundary between two adjacent granules [9]. We are
concerned about how each spicule in the spicule bush is produced.
So we assume that there are some density inhomogeneities in the
spicules production region, like ‘granules’ on a much smaller scale.
As the distance between two spicules is about several hundred
kilometers, we designed a modulated target with a thickness
variation period of 55 μm to imitate the density inhomogeneities.
After the scaling transformation, this period corresponds to the
distance between two spicules in the solar environment. When the
laser ablates the target and produces plasma, the density variation
due to the different thicknesses of the target can correspond to the
small density disturbances on the solar surface or lower atmosphere.
The x-ray emission result (Figure 2A) shows that 10 jet-like
structures with an interval of 55 μm are generated. The
separation of those jets is consistent with the period of the
modulated target. As shown in Figure 2A, the second to eighth
spicules are longer because they are within the laser irradiation
range. Their lengths range from 150 μm to 400 μm. On the other
hand, laser irradiation of a plain target only causes the plasma to
expand thermally without producing any multiple jet-like structures
(Figure 2B). The experimental results verified our hypothesis that
the disturbance of density is one of the necessary conditions for the

FIGURE 1
Schematic diagram of the experimental setup and sinusoidal modulated target. (A) The C8H8 target is located at the target chamber center (TCC).
The main laser focuses on the target modulated side from the top, the proton target is located 1 cm to the right of TCC, and the proton detector (RCF)
images are recorded at 15 cm to the left of TCC. Soft x-ray self-emission imaging system (SXIS) measures plasma parameters near TCC. (B) Sinusoidal
modulated target parameters: width W = 200 μm, thickness H = 18 ± 5 μm, modulation period p = 55 μm, amplitude A = 3 μm or A = 10 μm, the
material is synthetic hydrocarbon C8H8.
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generation of the spicules, while a surface with uniform density
cannot produce such structures.

Figure 2C shows one of the proton imaging results (an RCF layer
that absorbs protons with a peak energy of 9.27 MeV) that is taken at
t = 2 ns after the laser focuses on the target. The position of the target
and the laser incidence direction are drawn in Figure 2C. The proton
evacuation region in themiddle is caused by the excessive strength of
the laser magnetic field. Darker green means more protons are
accumulated. Figure 2D is an enlarged view of the red box shown in
Figure 2C, where we can clearly see the multiple jet-like structures.
This implies that an alternating strong magnetic field appears
behind the target. The separation between the jets is consistent
with the period of the target (55 μm). When a thin solid target is
ablated by an intense laser, a high-temperature and high-density
plasma will be generated. Then the plasma expands forward in the
laser direction. The temperature of the plasma is mainly determined
by the heat conduction of electrons inside the target rather than the
adiabatic expansion of the plasma. Therefore, the direction of the
gradient of the plasma temperature is parallel to the target surface,
while the gradient of the plasma density is perpendicular to the
target surface. Such inconsistency of the temperature and density
gradients will generate a thermoelectric potential, which in turn will

induce a thermal current and finally generate a magnetic field. This
is the so-called Biermann magnetic field [40–42].

Samanta et al. observed a magnetic network with positive
polarity and negative polarity magnetic element around the
spicule with a strength of about 10 Gauss [9]. This kind of
magnetic field structure is similar to that produced in our
experiments and simulations, and the strength of the magnetic
field is close to the value scaled to solar spicule (Table 1). In our
experiments, due to the periodic thickness variation of the
modulated target, several plasma clusters are generated after the
laser ablation. An alternating magnetic field is generated around
each plasma cluster according to the Biermann battery effect. These
alternating magnetic fields at the origin of the spicules are consistent
with both the observed and experimentally obtained results. We can
also estimate the magnetic field in the experiment by assuming that
in the proton radiography the proton is deflected by a uniform
magnetic field in the spicule region. The length of the magnetic field
region can be considered the same as the thickness of the target. As a
result, the magnetic field is around 1.8 × 106 Gauss for a 9.27 MeV
proton. According to the time delay and the length of spicule-like
structures measured in Figure 2A, we can also estimate the
maximum velocity of the jet, which is about 150 km s−1.

FIGURE 2
Soft x-ray self-emission imaging results in ‘SG-II’ experiments and proton radiography results obtained with 9.27 MeV protons at 2 ns. (A) Jet-like
structures with an interval of 55 μm eject from the modulated target with the irradiation of a 450 μm × 450 μm square focal spot laser. (B) No jet-like
structures show upwhen the laser irradiates the plain target. Darker color represents stronger X-ray emission. (C) Shows the position of the target and the
direction of laser incidence; (D) is an enlarged view of the red box section in (C), four jet-like proton accumulation structures are visible. Darker green
means more protons are accumulated.
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TABLE 1 The similarity of solar spicules and laser-driven plasma. The data of solar spicules referenced from [2–7,48,49].

Parameters Solar spicules Laser-driven plasma Scaled to solar spicules

Length (cm) ~ 108 − 109 ~ 10−2 ~ 108

Time(s) ~ 10 − 1000 ~ 10−9 ~ 102

Pressure (Pa) ~ 10−3 − 10 ~ 107 ~ 10−3

Density (cm−3) ~ 1011 − 1013 ~ 1019 − 1021 ~ 1011 − 1013

Velocity (km s−1) ~ 10 − 1000 ~ 100 ~ 1 − 100

Magnetic field(G) ~ 10 − 102 ~ 105 − 106 ~ 10

Plasma β ≤ 1 ~ 1

Magnetic Reynolds number, ReM 106–107 > 102

Mach number, M 2–10 5–15

FIGURE 3
MHD simulation results of ‘XG-III’ experiment at 2 ns. (A) Electron density (cm−3) distributionmap, several jet-like structures with an interval of 55 μm
are found. (B)Magnetic field distribution in z-direction, alternating positive and negative magnetic fields surrounding the jets are found. (C) Electric field
distribution in x-direction, the reconnection of reversedmagnetic fields between adjacent jets leads to an increase in the local electric field strength. The
z-direction is perpendicular to the x-y plane pointing to readers. (D). The red curve and the blue curve show the averaged magnetic force and the
electron density along the length of the target, respectively. The data in (D) comes from the rectangle area in (A).
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To model the jet-like structures relevant to solar spicules in the
laboratory, we should confirm that these two systems share some
similar dimensionless parameters. Table 1 shows the comparison of
the dimensionless parameters between the solar spicules and the
laboratory jets. The Reynolds number (Re = Lv/]) and the magnetic
Reynolds number (ReM ~ L (cm)T (eV)2) for two systems are both
much larger than 1, where L is the characteristic length, v is the jet
speed, T is the jet temperature and ] is the viscosity. These values
show that the viscosity is not important, and the plasmamoves along
the magnetic field lines. According to β = 4.03 × 10−11neTeB

−2, we can
also obtain that the plasma has β ~ 1 near the target surface, where ne
~ 1020cm−3, Te ~ 10eV, B ~ 105G. It is similar to the β for the solar
spicules generation region. We also calculate another important
parameter -the density contrast ηρ = ρj/ρa, where ρj and ρa represent
for the densities of the jet and the surrounding environment. The ηρ
for these two systems are both larger than 1. The Mach numbers of
the two systems are also close to each other, which indicates that the
two systems are related to a large extent.

A radiation MHD simulation program ‘FLASH’ is used to help
analyze the experimental results [43]. Based on the experimental
parameters, we perform a three-dimensional MHD simulation using
FLASH. The laser and the target parameters are consistent with ‘XG-
III’ experiment except for the background plasma density, since the
simulation requires the addition of a low density background
plasma, while in the experiment is a high vacuum chamber.
FLASH uses the generalized Ohm’s law [44,45] to calculate the
magnetic field, which takes advection, diffusion, and Biermann
battery terms into account:

∂B
∂t

� ∇ × u × B( ) − c∇ × ηj( ) + c
∇Pe × ∇ne

en2e
(1)

where u is the flow advection velocity, η is the electrical resistivity.
Although the dissipation term is considered in our simulations, it
can actually be neglected since the magnetic Reynolds number is
large enough [37] (> 100).

Figure 3 shows the electron density, magnetic field along
z-direction, and electric field along x-direction at 2 ns in the
simulation results. The laser ablates the target from left to right.
At the moment of the laser ends, it can be clearly seen that the
multiple jet-like structures are moving toward the right, which is
consistent with the x-ray self-emission result shown in Figure 2A.
These jet-like structures have an interval of 55 μm, the maximum
electron density of about 1023 cm−3, the maximum length of about
120 μm, and the velocity of about 150 km s−1, they are very similar to
the parameters in Figure 2A. The full width at half maximum
(FWHM) of the laser pulse is about 100 μm, which is 7–8 times
larger than the modulation period of the target. With the generation
and propagation of the jets, a temperature gradient and a density
gradient are generated around each jet, and a magnetic field
structure is formed by the Biermann battery effect. The magnetic
field along the z-direction is shown in Figure 3B. A toroidal magnetic
field surrounds each jet, which has a similar structure to proton
radiography results shown in Figure 2D. However, the difference is
that the proton accumulation jet-like structures from experiment are
more divergent from each other, which may be caused by the power
distribution of the laser. The magnetic field is interrupted at y =
0.012 cm because the continuity of the field is affected by the

propagation of the plasma at the trough of the modulated target.
During the propagation of the jet, it also expands laterally, which will
cause the reverse magnetic field between the two neighboring jets are
becoming closer and closer. From 1.5 ns, the reverse magnetic field
annihilates, and the electric field in the vertical direction is
significantly enhanced (Figure 3C), which is one of the evidence
for the occurrence of magnetic reconnection [46]. We can obtain the
averaged Lorentz force based on the simulation results along
x-direction from the Maxwell stress tensor,

Fx � ∇ · T( )x � ∂

∂x

BxBx

4π
( ) + ∂

∂y

ByBx

4π
( ) + ∂

∂z

BzBx

4π
( ) − ∂

∂x

B2

8π
( )

(2)
where T � BB

4π − |B|2
8π I is the Maxwell stress tensor, where I is the

identity tensor. We calculate the averaged �Fx(which is
∫Fxdx

Lx
)

between x = 230 and x = 250 (i.e., the white rectangle shown in
Figure 3A where the jets start to form). The �Fx (the red curve shown
in Figure 3D) has multiple spikes which have the same locations as
those spicules (the blue curve of electron density shown in
Figure 3D). It shows that the locations with strong magnetic
force are consistent with the locations of the spicules. This
indicates the Maxwell stress tensor does have contributions to
the process of spicules formation.

According to previous works ([29,37,47]), the two systems can
behave as ideal compressible hydrodynamic fluids if the
dimensionless numbers are much larger than 1, such as Reynolds
number and magnetic Reynolds number. So the ideal MHD
equations and the energy equation for the polytropic gas remain
invariant when the following transformation conditions are
satisfied: r2 = ar1, ρ2 = bρ1, p2 = cp1, t2 � a

			
b/c

√
t1, v2 �

			
c/b

√
v1,

B2 � 	
c

√
B1, where r is the characteristic length, ρ is the number

density, p is the pressure, t is the characteristic time, v is the velocity
and B is the magnetic field. The subscript 1 represents parameters in
the laboratory, and the subscript 2 represents parameters in the solar
spicule system. The coefficients a, b, c are arbitrary positive numbers,
which can be obtained directly by comparing the parameters from
two systems. From our experimental results, we can obtained the
transformation coefficients of a = 1010, b = 10−8, and c = 10−10. The
scaled parameters (Table 1) are close to the parameters in the
experiment, which indicates the experimental results can be
applied to explore the formation mechanism of the solar spicules.

4 Conclusion

In this work, we used a high-power laser irradiating a
sinusoidally modulated C8H8 target with a period of 55 μm and
anMHD code ‘FLASH’ for simulation with similar setup parameters
to experiments. We found several spicule-like structures with an
interval of 55 μm emitting from the backside of the target and
multipole magnetic fields around the spicules. These results are
consistent with the description of the strong pulse model, which
contributes to the generation of solar spicules. The alternating
magnetic fields also correspond to the structures of the magnetic
fields near the footpoints of the spicules. Magnetic reconnection
between adjacent spicules may also be important for brightening and
heating solar spicules.
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This is a new way to study solar chromospheric spicules. We can
change the amplitude and period of the modulated target to simulate
the random density fluctuations on the solar surface, and also apply
an external magnetic field to simulate the complex magnetic field on
the solar surface. These ideas are easily implemented in the
laboratory. In the simulations so far, we have only considered
magnetic reconnection with low resistivity, which may
underestimate the effect of the magnetic field on the spicules.
However, both Alfv�en waves and magnetic reconnection may
play an important role during spicules’ generation and
propagation. In the future, we will do more detailed studies
regarding the heating effect of the spicules to the corona, the
bright points in the chromospheric network, and the formation
of micro-jets in the sunspot penumbra region. In addition, intrinsic
oscillation is one of the important properties of the spicule. We will
also study about this topic in the future.
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