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When comets interacting with solar wind, straight and narrow plasma tails will be often formed. The
most remarkable phenomenon of the plasma tails is the disconnection event, in which a plasma tail

is uprooted from the comet’s head and moves away from the comet. In this paper, the interaction
process between a comet and solar wind is simulated by using a laser-driven plasma cloud to hit a
cylinder obstacle. A disconnected plasma tail is observed behind the obstacle by optical shadowgraphy
and interferometry. Our particle-in-cell simulations show that the difference in thermal velocity
between ions and electrons induces an electrostatic field behind the obstacle. This field can lead to the
convergence of ions to the central region, resulting in a disconnected plasma tail. This electrostatic-
field-induced model may be a possible explanation for the disconnection events of cometary tails.

The cometary nucleus is a single solid body of icy conglomerate, composed of a mixture of frozen gases and stony
meteoritic materials'. When approaching the Sun, comets would be heated and their ices start to sublimate under

. the intense solar radiation, leading to the formation of comas. In general, the diameter of a cometary nucleus can

© vary from 100 m to more than 40 km, while the diameter of a coma can reach thousand kilometers. The nucleus
and the coma will continue to transform to become long cometary tails®. There are two types of cometary tails,
dust tail and plasma tail®. The dust tail, which can be more than one, is spread out over a wide region. Influenced
mainly from the orbital path of the comet, the dust tail appears curved. While the plasma tail is typically straight
and narrow, lying along the sun-comet line, due to being shaped by both the solar wind flow field and the inter-
planetary magnetic field (IMF). The most remarkable phenomenon that occurs in the plasma tail is the discon-
nection event (DE) in which the plasma tail is uprooted from the comet’s head and moves away from the comet.
Theories explaining the onset of DEs can be grouped into three classes based on the triggering mechanisms,
namely ion production effects, pressure effects and magnetic reconnection. However, just the latter two theories
are believed to be reasonable currently. Pressure effects theory, first put forward by IP and Mendis, is described as
when the dynamic pressure of the solar wind increases considerably, the comet’s ionosphere would be compressed
and the magnetic field lines would be changed or various instabilities, such as Rayleigh-Taylor instability, would
be excited in the tail, then a DE happens®. However, a recent work reveals that the DE onsets of comet P/Halley
correlated with pressure effects are only in 23% of the analyzed cases’.
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Figure 1. Schematic view of the experimental setup. Four 2407, 1 ns, 0.351 pm laser beams were incident on the
front surface of a 2 X 2 x 0.006 mm?® Cu planar target. The forward supersonic plasma produced at the rear of the
target interacts with an aluminum wire placed 1 mm away from the Cu target. The interaction was measured by
shadowgraphy and Nomarski interferometry with a 527 nm, 30 ps short laser probe.

There are two models for the magnetic-reconnection theory®™. In 1978, Niedner and Brandt first proposed
that when a comet crossed the IMF sector boundary, i.e., the heliospheric neutral sheet (HCS), the sunward
magnetic reconnection occurred®. Consequently the plasma was uprooted and moved away from the recon-
nection region. This model was not corroborated until 2007 by Jia et al’s simulated results obtained with a
time-dependent, fully three-dimensional self-consistent ideal magnetohydrodynamic (MHD) model’. However,
after analyzed the observed data from the Vega satellite, Delva et al. found that about half of the DEs related to the
HCS crossing was plausible. Furthermore, HCS crossing was neither a necessary nor a sufficient condition for a
DE". Different from the sunward magnetic reconnection model mentioned above, Rusell et al. proposed another
tailside reconnection model, which might be triggered by an interplanetary corotating shock or a high-speed
stream® However, the simulated and observed results show that some DEs cannot be caused by the tailside recon-
nection model either”!!. From the above discussions we can see further work is needed to understand the DE
triggering mechanisms.

Recent years high-power laser-plasma experiments provide opportunities to study astrophysics'?-*. With the
similarity criteria®*-?¢, which can scale the laboratory systems to the astrophysical ones, many laser-driven exper-
iments have been performed to understand astrophysical problems?»*’-3. In this paper, the interaction process
between solar wind and a comet is simulated with a laser-driven plasma cloud colliding with a cylinder obstacle.
A disconnected plasma tail behind the obstacle is observed by optical measurements. Our particle-in-cell simu-
lations show that the difference in thermal velocity between ions and electrons will induce an electrostatic field
behind the obstacle. This field leads to the convergence of ions, and the disconnected plasma tail. This process
may be a possible explanation for the disconnection events of a comet.

Experiment results

The experiments were carried out on the Shenguang IT (SG II) laser facility at the National Laboratory on High
Power Lasers and Physics. The experimental setup and target configuration are schematically shown in Fig. 1 and
more details are shown in the Methods.

Figure 2 shows the observed interferograms and shadowgraphs. The original target foils are marked by the
white lines. The blue solid circles indicate the cross section of the cylinder obstacle. The purple arrows represent
the main laser beams. After the main laser irradiation, a supersonic plasma cloud ejected from the rear-side of
the Cu target to the right is produced. We firstly characterized this forward plasma cloud without the obstacle.
The typical interferogram and shadowgraph of the plasma cloud taken at 8 ns are shown in Fig. 2(a) and 2(d),
respectively. The dark regions in the pictures correspond to the high-density or large-density gradient regions,
where the probe light is absorbed or refracted out of the imaging optical system. With the Abel inversion, the local
electron density of the plasma cloud, n,, at the detectable boundary is ~10' cm ™. The boundary reaches 2.3 mm
away from the initial target surface at 8 ns, indicating an average expending speed of ~280km/s.

Figure 2(b) and 2(e) show the interferogram and shadowgraph with the obstacle taken at 5 ns, respectively.
After colliding with the obstacle, the plasma cloud is split into two parts. The most striking feature is presence
of a tiny plasma tail behind the obstacle in the axial direction of the plasma cloud. Moreover, the tail is discon-
nected from the plasma cloud and the obstacle. Figure 2(f) and 2(c) show the shadowgraph taken at 6 ns and
interferogram at 14 ns, respectively. Compared with that at 5ns, the disconnection distance between the tail and
the plasma cloud is increased with time. We estimate the speed of the disconnection point moving away to be
~100km/s.

Simulation results

The collimation and disconnection features of the generated plasma tail are very similar to those of the come-
tary plasma tails related to DEs. To understand the generation of the disconnected plasma tail, we have per-
formed two-dimension (2D) particle-in-cell (PIC) simulations to observe the evolution of the plasma cloud by
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Figure 2. (a) Interferogram and (d) shadowgraph of the plasma cloud without the obstacle, taken at a delay
time of 8 ns. (b) and (c) are the interferograms with the obstacle taken at 5ns and 14 ns, respectively. (e) and (f)
are the shadowgraphs with the obstacle taken at 5ns and 6 ns, respectively. The purple arrows represent the main
laser beams. The white lines indicate the original positions of the Cu planar target. The blue solid circles indicate
the cross section of the obstacle.

the KLAPS code*. The whole process should consist of three phases, the generation of the forward plasma cloud,
collision of the cloud with the obstacle, and the evolution of the two split-plasma bunches. It is difficult to include
the whole process with a timescale of tens ns in PIC simulations, due to numerical noise and computational time.
Therefore, we only simulate the evolution of the two split-plasma bunches just behind the obstacle, which directly
correlates with the tail disconnection.

Figure 3 shows the simulation results, where Fig. 3(a) shows the initial electron density profile (n./n,) of the
plasma cloud at the source (x = 0 position), in which the density in the middle region is ~0, and Fig. 3(b-f) show
the temporal evolution of electron density distributions in x-y space with time. Although the plasma cloud moves
along the +x direction at initial time, the upper and lower plasma bunches reach the middle region att = 7505—7r
2

pe
because of the transverse thermal expansion. Att = 8001, a disconnected plasma tail is obviously formed in the

w, e
middle region. From Fig. 3(c-f), we can see that the tail ispmoving to the right. The density of tail becomes as high
as n,~0.28 ng at t = 85027 At t = 950" it starts to dissipate. The disconnected tail in the simulation is very
w

similar to the experimentaple results in Fig. 5.
In our simulations we find an electrostatic (E) field generated between the two plasma bunches. Fig. 3(g-h)
show the spatial distribution and lineout of E, at t = 750~. We can see that E, appears bipolar in the middle

region. The E field originates from the difference in electron and ion mass. At the beginning, the plasma electrons
and ions have the same temperature. The thermal speed of the electrons is much higher than that of the ions. The
electrons move fast and the ions follow them behind. Thus the middle region is filled with electrons firstly.
Attracted by the electrons, more and more ions fill in the region. The accumulation of the ions triggers an E field.
Under the influence of E field, the electrons will be pulled back and vibrate around ions. With more ions accumu-
lated in the middle region, the bipolar E field shown in Fig. 3 (g) is formed.

The E field will affect the ion and electron dynamics greatly. An ion from the upper region expanding in —y
direction will be decelerated by the positive E field in the upper half region firstly. If its v, is high enough to go
through the upper E field region, it will go into the negative E field at the lower part and be accelerated away from
the middle region. Its trace evolving with time is shown with the red stars in Fig. 3(i). However, if the ion speed
is not so high, it will be decelerated by the positive E field and trapped in the middle region. A typical trace of
such a trapped ion is also shown with the blue points in Fig. 3(i). This process is also true for an ion moving in the
+y direction from the lower region. With more and more low or medium speed ions trapped, a plasma tail with
disconnected structure is gradually formed and moving with the E field.

To further examine the idea that the disconnected tail is formed because the velocity difference between the
electrons and ions, we also perform an additional simulation with higher temperature of ions and do not observe
a clear disconnected tail formed.
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Figure 3. (a) The initial density profile of the plasma cloud in the y direction at x =0, used in the simulations.
(b—f) the electron density distributions in the x-y plane at different times. (g) The distribution of the
electrostatic field E, att = 7 502™. (h) The lineout of E, along the dashed line in (g). (i) Typical traces of an ion

trapped in the tail (blue point) and an ion going through the central region (red star) with time going on.

Both in experiment and simulation the plasma tail is disconnected from the obstacle and moves away, behav-
ing like the disconnected cometary plasma tail in a DE. This is because the E field is induced at a distance away
from the x=0 position (obstacle position) and drifting to the right. Therefore the E field induced plasma tail is
disconnected from the obstacle and also moves away. With more ions accumulated, the tail tends to diffuse. It can
be seen from Fig. 3(c-f), att = 8005—’r the width of plasma tail is about 8 Ay, while att = 9,’-’,05—’r it becomes about

pe 1 . pe .
12Ay. The diffusion velocity is about 0.0007¢;, which is far less than the initial thermal velocity of ions, 0.01¢;.
This is an evidence that the ions are confined by the E field in the y-direction in the tail region.
Note that the evolution time of the simulated tail is ~200°", which corresponds to ~30>, where w; is the ion
Wpe Wpi
plasma frequency. This evolution time is much lower than the experimental one | ~10*2~ |. This is reasonable

Wi

since the spatial scale is reduced by 30 times and the speed of plasma is increased by 30 tinples in the simulations
due to the down-scaled light speed, ¢; = %cm,.
Discussions
The solar wind plasma is typically magnetized, whose evolution is described by MHD models. However, it should
be noted that the size of most comets are shorter than the cyclotron radius of ions in solar wind, which is about
10°km*. In this case, one could pay more attention to the interplays among charged particles in DE processes.
This has been verified by our experiments and simulations without a magnetic field included. Our results show
that the interplays among charged particles can induce the generation of an electrostatic field when the density
of plasma cloud is high, this electrostatic field can cause the convergence of ions of the tail plasma, and that the
converged ions move with the electrostatic field away from the obstacle, leading to the appearance of a discon-
nected plasma tail. Correspondingly, when the density of solar wind rises, the process similar to the experimental
process happens, triggering a DE.

With the similarity criteria*%, we have created the system in the laboratory which can be scaled to the astrophys-
ical one to simulate the process of solar wind interacting with a comet. However, The Reynolds number, Re, and the
Peclet number, Pe, are required to be Re = hv > landPe = hy > 1, where h is characteristic length and taken as

the diameter of the comet/obstacle here, v is the speed of solar wind/plasma cloud, -y and x are the kinematic vis-
cosity and the thermal diffusivity, respectively, to ensure that the viscosity and heat conduction in the laboratory
and in the astrophysical system are unimportant. For the solar wind, y = 2 x 10%cm?s~, ™ ~ 2 x 10° > 1and

>
X > 8.6 x 10Mem?s, ™ - 5% 10° > 1. As for the experimental plasma cloud, v = 0.25cm’s L9

X
2.24 x 10° > landy ~ 2 x 10* em?s™, M 28 > 1% In order to satisfy the behavior as a fluid, particles in
X
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parameters experiment | PIC simulation DEs

A 64 1 1

Z 10 1 1

T 100eV 10 *mye 10eV

n; 10¥cm—? 10¥cm—? lem™?

B — — 10 nT

d; 54pm 20Ay 229 X 10°km
d, 0.5pm 3Ay 5.32km

d 200 pm 20Ay —

c 41km/s 0.01¢; 45km/s

Va — — 220km/s

v 280km/s 0.02¢;, 300-700km/s
Mach-number, M 7 2 6.7-15.5

M, — — 1.6-3.2

Table 1. Characteristic parameters of laser-produced plasmas, simulated plasma cloud and solar wind.

the plasma should be localized, i.e., 4 < 1 to the solar wind case, and ' « 1tothe experimental plasma cloud
case, where r7; is the ion Larmor radius and [, is the collisional mean free path. To the solar wind, r;; ~ 10% km. The
diameters of comets vary in a large range. For example, the diameter of P/Halley’s coma is up to 10°km, while many
other ones cannot reach 10°km. However, in the interaction region, in front of a comet, the compressed plasma is
much denser, resultmg in a smaller r; thus, ’L‘ < 1, generally. As for the undisturbed experimental plasma cloud,

h = 200 ,um, £ 3 x 1013ATnh ~ 0.15. In the interaction reglon < < 0.15 < 1. The similarity between the

experiment and astrophysical process is determined by the Euler number, E, = v(p/p)"*. However, as the dynamic
pressure is dominated by p ~ pv?, the Euler numbers are the same here. Therefore, the interaction between the
plasma cloud and the cylinder obstacle can be scaled to the interaction between solar wind and a comet. Some
parameters are list as Table 1. It can be seen that the diameter of the comet which can be simulated here is about
10*km. These comets are named weak comets.

where A is atomic weight, Z is the average ionization state, #; is ion density of plasma cloud or solar wind, B is
magnetic flux density, d, is ion inertial length, d, is plasma skin depth, d is the diameter of obstacle or comet, ¢ is
ion sound velocity, v, is Alfven velocity, v is velocity, M, is Alfven Mach-number, ; is the speed of light in simu-
lations, Ay = 0. 052”L is the cell size.

In addition, after the interaction, the density of the plasma just behind the obstacle is low. The electron density
can be calculated as 1, ~ 10 cm 3 from the interferogram with the Abel inversion. Thus 7;~10' cm™3, ], 22300 pm
and d;~ 170 pm here. The width of the plasma tail is ~50 pm, which is smaller than /. and d;. Therefore, it is rea-
sonable to simulate the evolving process with PIC code after the interaction.

Conclusions

In conclusion, the interaction between solar wind and comets is simulated by means of laser-driven plasma cloud
colliding with a cylinder obstacle. A disconnected plasma tail is observed by shadowgraphy and interferometry.
Particle-in-cell simulations show that the difference in thermal velocity between ions and electrons causes an
electrostatic field behind the obstacle, which leads to the convergence of ions and a disconnected plasma tail. This
provides another possible explanation for the disconnection events of comets, besides the mechanisms proposed
previously.

Methods

Experiment setup. Four 240], 1ns, 351 nm laser beams were incident on the front surface of a
2 x 2 x 0.006 mm? Cu planar foil to produce a forward supersonic plasma at the rear side of the target. In order
to simulate the solar wind, a plasma with a large transverse size and a high longitudinal speed is necessary. This
requires the diameter of the laser focal spot should be large enough but also keep the laser intensity high. To do
this, we set the diameter of the laser focal spot on the target surface to be ~600 um, which gave an average inten-
sity of 3.4 X 10" W/cm? A & 200 pm L-shape Al wire was placed 1 mm away from the Cu target. The horizontal
part of the wire acted as a 2-dimenstional comet-like obstacle. The vertical part of the wire was the holder. The
axis of the horizontal part of the wire was parallel to the Cu target plane and at the same height as the Cu target
center, where the main laser beams hit. A 527 nm laser beam with a short duration of 30 ps, was used as an optical
probe. The propagation direction of the probe beam was aligned in parallel with axis of the cylinder obstacle.
Shadwgraphy and Nomarski interferometry, with a magnification factor ~3, were used to measure the spatial and
temporal evolution of the interaction. A time series of snapshots were obtained by changing the delay between
the probe and the main beams. The delay time was defined as the time separation between the falling edges of the
probe and the main beams.

PIC Simulations. Owing to the limitation of the tremendous computational time, in our simulations a
down-scaled ratio of the ion and electron mass, = = 40, and a low light speed, ¢, = 3—10(:,2‘11, are used, where m;

e
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and m, are the ion mass and electron mass, respectively, and c,,,; is the real light speed in vacuum. This method
has been also applied in previous simulations®*-3,

To describe a plasma cloud with two split bunches, the initial electron density profile (n./n,) of the plasma
cloud at the source (x=0 position) is set as a Gaussian distribution, in which the density in the middle region is
~0, as shown in Fig. 3(a). The plasma cloud is injected from the x =0 position into the simulation box with a
speed of 0.02 ¢; (=200km/s). The initial electron and ion densities are the same (Z= 1). The initial electron and
ion temperatures are setas T, = T, = 0.004 mecL2 = 10_4micL2, which is close to the ones, about 100 eV, observed
in the previous experiments®*. The spatial resolution or the cell size is taken as Ax = Ay = 0.05 2:”, and the

'pe
temporal resolution is At = 0.0252", where Wy, is the electron plasma frequency. The simulation box is set as

W, e
N, x N,=300Ax x 400Ay. The left bpoundary is at x=—60 Ax position which is not shown in Fig. 3. Absorption
boundary conditions are adopted in both x and y directions. 1000 simulation particles are assigned per cell for
both electrons and ions.

Data availability statement. The authors declare data in the manuscript is of availability.

References

. Whipple, E. L. A comet model. I. The acceleration of Comet Encke. Astrophys. J. 111, 375 (1950).

. Biermann, L. Kometenschweife und solare Korpuskularstrahlung. Z. Astrophys. 29, 274-286 (1951).

. Voelzke, M. R. Disconnection Events Processes in Cometary Tails. Earth Moon Planets 97, 399-409 (2006).

. Ip, W. H. On the dynamical response of a cometary ion tail to a solar-wind event. Astrophys. J. 238, 388-393 (1980).

. Voelzke, M. R. Disconnection Events in Comets. Earth Moon Planets 90, 405-411 (2002).

. Niedner, M. B. Jr & Brandt, J. C. Interplanetary gas. XXIV - Are cometary plasma tail disconnections caused by sector boundary

crossings or by encounters with high-speed streams. Astrophys. J. 234, 723 (1979).

7. Jia, Y.-D., Combi, M. R., Hansen, K. C. & Gombosi, T. I. A global model of cometary tail disconnection events triggered by solar
wind magnetic variations. J. Geophys. Res.-Space 112, 515-526 (2007).

8. Russell, C. T., Saunders, M. A,, Phillips, J. L. & Fedder, J. A. Near-tail reconnection as the cause of cometary tail disconnections. J.
Geophys. Res. 91, 1417 (1986).

9. Wegmann, R. MHD model calculations for the effect of interplanetary shocks on the plasma tail of a comet. A. & A. 294, 601-614
(1995).

10. Delva, M., Schwingenschuh, K., Niedner, M. B. & Gringauz, K. I. Comet Halley remote plasma tail observations and in situ solar
wind properties: VEGA- IMF/plasma observations and ground-based optical observations from 1 December 1985 to 1 May 1986.
Planet. Space Sci. 39, 697-708 (1991).

11. Snow, M., Brandt, J. C., Yi, Y., Petersen, C. C. & Mikuz, H. Comet Hyakutake (C/1996 B2): Spectacular disconnection event and the
latitudinal structure of the solar wind. Planet. Space Sci. 52, 313-323 (2004).

12. Remington, B. A., Arnett, D., Paul, R, Drake & Takabe, H. Modeling Astrophysical Phenomena in the Laboratory with Intense
Lasers. Science 284, 1488 (1999).

13. Zakharov, Y. P. Collisionless laboratory astrophysics with lasers. IEEE Transactions on Plasma Science 31, 1243-1251 (2003).

14. Liao, G. Q. et al. Proton radiography of magnetic fields generated with an open-ended coil driven by high power laser pulses. Matter
Radiat. Extrem. 1, 187-191 (2016).

15. Drake, R. P. The design of laboratory experiments to produce collisionless shocks of cosmic relevance. Phys. Plasmas 7, 4690-4698
(2000).

16. Kato, T. N. & Takabe, H. Nonrelativistic Collisionless Shocks in Unmagnetized Electron-Ion Plasmas. Astrophys. J. 681, L93-196
(2008).

17. Kato, T. N. & Takabe, H. Electrostatic and electromagnetic instabilities associated with electrostatic shocks: Two-dimensional
particle-in-cell simulation. Phys. Plasmas 17, 032114 (2010).

18. Li, C. K. et al. Observation of megagauss-field topology changes due to magnetic reconnection in laser-produced plasmas. Phys. Rev.
Lett. 99, 055001 (2007).

19. Remington, B. A., Arnett, D., Paul, R, Drake & Takabe, H. Modeling Astrophysical Phenomena in the Laboratory with Intense
Lasers. Science 284, 1488-1493 (1999).

20. Wang, E-L. et al. Laboratory astrophysics with laser-driven strong magnetic fields in China. High Power Laser Sci. Eng. 4, 67-70
(2016).

21. Ji, H. & Zweibel, E. Plasma physics. Understanding particle acceleration in astrophysical plasmas. Science 347, 944-945 (2015).

22. Yoo, J. et al. Laboratory study of magnetic reconnection with a density asymmetry across the current sheet. Phys. Rev. Lett. 113,
095002 (2014).

23. Foster, J. M. et al. High-Energy-Density Laboratory Astrophysics Studies of Jets and Bow Shocks. Astrophys. J. 634, L77-180 (2005).

24. Ryutov, D. D. et al. Similarity Criteria for the Laboratory Simulation of Supernova Hydrodynamics. Astrophys. J. 518, 821 (1999).

25. Ryutov, D. D., Drake, R. P. & Remington, B. A. Criteria for Scaled Laboratory Simulations of Astrophysical MHD Phenomena.
Astrophys. J. Suppl. S. 127, 465-468 (2000).

26. Ryutov, D. D., Remington, B. A., Robey, H. F. & Drake, R. P. Magnetohydrodynamic scaling: From astrophysics to the laboratory.
Phys. Plasmas 8, 1804 (2001).

27. Albertazzi, B. et al. Laboratory formation of a scaled protostellar jet by coaligned poloidal magnetic field. Science 346, 325-328
(2014).

28. Zhong, J. et al. Modelling loop-top X-ray source and reconnection outflows in solar flares with intense lasers. Nat. Phys. 6, 984-987
(2010).

29. Liu, X. et al. Collisionless shockwaves formed by counter-streaming laser-produced plasmas. New J. Phys. 13, 093001 (2011).

30. Kuramitsu, Y. et al. Kelvin-Helmholtz turbulence associated with collisionless shocks in laser produced plasmas. Phys. Rev. Lett. 108,
195004 (2012).

31. Kuramitsu, Y. et al. Time evolution of collisionless shock in counterstreaming laser-produced plasmas. Phys. Rev. Lett. 106, 175002
(2011).

32. Li, C. K. et al. Scaled laboratory experiments explain the kink behaviour of the Crab Nebula jet. Nat. Commun. 7, 13081 (2016).

33. Gregory, C. D. et al. Astrophysical Jet Experiments with Colliding Laser-produced Plasmas. Astrophys. J. 676, 420-426 (2008).

34. Wang, W. M., Gibbon, P, Sheng, Z. M. & L, Y. T. Integrated simulation approach for laser-driven fast ignition. Phys Rev E Stat Nonlin
Soft Matter Phys 91, 013101 (2015).

35. Motschmann, U. & Kiihrt, E. Interaction of the Solar Wind with Weak Obstacles: Hybrid Simulations for Weakly Active Comets and
for Mars. Space Sci. Rev. 122, 197-208 (2006).

36. Lu, S. et al. Formation of super-Alfvénic electron jets during laser-driven magnetic reconnection at the Shenguang-II facility:
particle-in-cell simulations. New J. Phys. 16, 083021 (2014).

AU W

SCIENTIFICREPORTS| (2018) 8:463 | DOI:10.1038/s41598-017-18712-0 6



www.nature.com/scientificreports/

37. Fox, W, Bhattacharjee, A. & Germaschewski, K. Fast magnetic reconnection in laser-produced plasma bubbles. Phys. Rev. Lett. 106,
215003 (2011).

38. Dong, Q. L. et al. Plasmoid ejection and secondary current sheet generation from magnetic reconnection in laser-plasma interaction.
Phys. Rev. Lett. 108, 215001 (2012).

39. Li, Y. E et al. Bow shocks formed by a high-speed laser-driven plasma cloud interacting with a cylinder obstacle. Chin. Phys. B 26,
055202 (2017).

40. Yuan, D. et al. Modeling Supersonic-Jet Deflection in the Herbig-Haro 110-270 System with High-Power Lasers. Astrophys. J. 815,
46 (2015).

Acknowledgements

This work is supported by the Science Challenge Project (No. TZ2016005), the National Basic Research Program
of China (973Program) (Grant No.2013CBA01501), the National Natural Science Foundation of China (Grants
Nos. 11375262, 11520101003 and 11503041) and the Strategic Priority Research Program of the Chinese Academy
of Sciences (Grant No. XDB16010200 and XDB07030300). The authors thank the staff at the Shenguang II laser
facility in Shanghai, and thank Jun Lin, Bo-Jing Zhu at Yunnan Observatories Chinese Academy of Sciences for
valuable discussion.

Author Contributions

Y.T.L, YEL., ].Z. and G.Z. proposed the research. D.W.Y., B.J.Z., ].Y.Z., H.G.W,, EL., B.H., K.Z., X.X. Pei, Z.Z.,
JR.Z.,CL., G.QL., ZHE, CW,Y.S, YJ.R, TM. and Y.K. conceived the experiment. Y.EL. and Y.T.L. analyzed
the data. Y.EL. and W.M.W. performed the simulation. Y.EL., Y.T.L. and W.M.W. organized the content and wrote
the manuscript. Y.T.L., WM.W,, Z.Z., X.G.W.,, ].Y.Z. and X.L. participated in the discussions. X.G.H. and S.Z.E.
contributed to the target fabrication. B.Q.Z., J.Q.Z., N.H. and their colleagues were responsible for running the
laser facility and operating target area. J.Z. and G.Z. supported the entire project.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS| (2018) 8:463 | DOI:10.1038/s41598-017-18712-0 7


http://creativecommons.org/licenses/by/4.0/

	Laboratory Study on Disconnection Events in Comets

	Experiment results

	Simulation results

	Discussions

	Conclusions

	Methods

	Experiment setup. 
	PIC Simulations. 
	Data availability statement. 

	Acknowledgements

	Figure 1 Schematic view of the experimental setup.
	Figure 2 (a) Interferogram and (d) shadowgraph of the plasma cloud without the obstacle, taken at a delay time of 8 ns.
	Figure 3 (a) The initial density profile of the plasma cloud in the y direction at x = 0, used in the simulations.
	Table 1 Characteristic parameters of laser-produced plasmas, simulated plasma cloud and solar wind.




