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Laboratory observation of plasmoid-dominated
magnetic reconnection in hybrid
collisional-collisionless regime
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Magnetic reconnection, breaking and reorganization of magnetic field topology, is a funda-
mental process for rapid release of magnetic energy into plasmas that occurs pervasively
throughout the universe. In natural circumstances, the plasma properties on either side of the
reconnection layer are almost asymmetric, in particular for the collision rates that critically
determine the underlying reconnection mechanism. To date, all laboratory experiments on
magnetic reconnections have been limited to purely collisional or collisionless regimes. Here,
we report a well-designed experimental investigation on magnetic reconnections in a hybrid
collisional-collisionless regime by interactions between laser-ablated copper and plastic
plasmas. We directly observe the topology evolutions of the whole process of this asym-
metric magnetic reconnection by highly-resolved proton radiography. Through this, we show
that the growth rate of tearing instability in such a hybrid regime is still extremely large,
resulting in rapid formation of multiple plasmoids and generation of plasmoid-dominated
current sheet.
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agnetic reconnection is a physical process occurring
M nearly anywhere there’s plasma, in which the magnetic

topology is rearranged and magnetic energy is con-
verted to kinetic energy, thermal energy, and particle
acceleration2. As plasma makes up the stars and ninety-nine
percent of the visible universe, magnetic reconnection is ubiqui-
tous and plays a key role in many energetic events throughout the
whole universe such as magnetospheric substorms, coronal mass
ejection, solar flares® and so on. However, due to the vastly dif-
ferent plasma properties and spatiotemporal scales, it is hard to
give a universal model for describing the mechanism of magnetic
reconnection.

A key element of magnetic reconnection is the reconnection
electric field E,.., which plays a pivotal role in both energy con-
version and production of energetic particles by doing work on
particles. The normalized reconnection electric field is also
employed to represent the reconnection rate. Theoretical and
simulation studies have shown that E,.. depends heavily on the
plasma properties?, in particular, the collision rate as a combi-
nation of plasma density and temperature. In the strongly colli-
sional regime, such as magnetic reconnections in solar/stellar
photosphere and chromosphere®, E,.. is induced by the plasma
resistivity as described by the Sweet-Parker model®’, which,
however, leads to a rather slow reconnection with low recon-
nection rate. By contrast, in the weakly collisional or collisionless
regime, such as those occurring in magnetopause® and
magnetotail®, E. is contributed mainly by the off-diagonal
(nongyrotropic) component of the electron pressure tensor!%11,
resulting in a fast reconnection that is independent of the plasma
collision rate.

However, for some natural circumstances in the universe, a
large class of magnetic reconnection lies in a hybrid regime where
the reconnection plasmas have asymmetric collision rates with
one side in a strongly-collisional state and the other in a weakly-
collisional or collisionless state. One of the most typical scenarios
for such hybrid collisional-collisionless magnetic reconnection
occurs in the solar/stellar atmosphere!?, see Fig. 1a, when the cool
(electron temperature T, ~10* K), dense (plasma density n, ~
10! cm™3) filaments erupting from the chromosphere collide
with the hot (T, ~ 10° K), tenuous (1, ~ 108 cm™3) loops in the
corona, which has been directly observed by the Solar Dynamics
Observatory (SDO)!3. As we know, the collisional mean free path
Aei < T>n; !, therefore, the plasma in the filaments is highly
collisional while that in the coronal loops is collisionless. Such
hybrid magnetic reconnection may also occur when the magnetic
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fields in the dense accretion disk collide with those in the tenuous
interstellar medium.

So far, most laboratory experiments!4-18 of magnetic recon-
nection are focused on the purely collisional and/or collisionless
regimes, in particular, relativistic!® or electron-dominated?”
reconnection is almost always collisionless. The reconnection
experiment?!?2 by laser-driven colliding plasmas with asym-
metric flow velocities arising from the delay between laser drives
are carried out, where, however, almost no impacts on the
reconnection dynamics have been observed because the recon-
nection plasmas are both still purely collisionless. Although the
dynamic transition of reconnection from collisional to collision-
less, through the current sheet thinning, has been discussed
theoretically?>?4, the effect of asymmetry therein remains
unclear. In addition, to date, the evolutions of magnetic topolo-
gies for the whole process of the plasmoid-dominated magnetic
reconnections®>26 including the growth of tearing instabilities”
and the formation of multiple plasmoids?$2° have never been
directly observed, where only indirect measurements through the
interferometry30-3! have been given.

Here, we report result of the first experiment, to the best of
our knowledge, on asymmetric magnetic reconnections in the
hybrid collisional-collisionless regime by colliding of laser-
ablated high-Z copper (Cu) and low-Z plastic (CH) plasmas. It
shows that the growth rate of the tearing instability in such a
hybrid regime is still extremely large, resulting in rapid forma-
tion of multiple plasmoids. Combined with numerical simula-
tions, this rate is lower than that in the purely collisionless
regime but much higher than the collisional case (where only
single X-point forms). Using the temporally and spatially
highly-resolved proton radiography, we provide the direct
measurement of magnetic topology evolutions for the whole
process of such plasmoid-dominated magnetic reconnection, so
that the specific reconnection dynamics including growth of the
tearing instability and formation of multiple plasmoids are well
characterized. The experimental results are well reproduced
and explained by self-consistently combining the radiation-
magnetohydrodynamic (RMHD) and particle-in-cell (PIC)
simulations as well as the proton radiography iterative inversion
algorithm. Physically, in the hybrid magnetic reconnection, the
reconnection electric field show much distinct feature, which is
large and grows fast at the collisionless plasma side induced by
the non-gyrotropic component of the electron pressure tensor,
whereas smaller and more slowly at the collisional side induced
by only the resistivity.
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Fig. 1 Hybrid collisional-collisionless magnetic reconnection configurations and experimental set-up. a Magnetic reconnection in the hybrid regime
between the collisional solar filaments and the nearby collisionless coronal loops. b Setup for the experiment on magnetic reconnection in the hybrid
collisional-collisionless regime, which is achieved by irradiation of Cu (yellow) and CH (CyH,, green) foil targets respectively with long ns laser pulses
synchronously. Proton radiography is set up along the face-on (—z-axis) direction for probing the magnetic field topology changes during the reconnection
process, where the high-quality proton beam is generated from a tantalum foil target driven by the relativistic ps laser pulse, see Methods.
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Results

Experimental setup. The hybrid magnetic reconnection experi-
ments are carried out on the ShenGuang II Upgrade (SG-II-U)
laser facility that has 8 ns pulses and 1 relativistic ps pulse.
Figure 1b shows a diagram of the experimental setup, where the
asymmetric collisional-collisionless reconnection is achieved by
irradiation of Cu and CH foil targets respectively with long ns
laser pulses synchronously. The ablated low-Z CH plasma is in
the collisionless state, while the high-Z Cu plasma is in the col-
lisional state, due to their different ionization charge states. These
two plasmas expand and collide with each other, forming the
magnetic reconnection in the hybrid regime, because both of
them advect the self-generated Biermann magnetic fields toge-
ther, as also shown in 1b (see the density maps and field lines). In
order to balance the aspect ratio of the current sheet L/§ and the
relative velocity of the plasma bubbles, the distance between the
two focal spots is appropriately set to be 1.8 mm. The temporally
and spatially highly-resolved proton radiography is set up along
the face-on (—z-axis) direction for probing the magnetic field
topology changes during the reconnection process, where the
high-quality proton beam is generated by target normal sheath
acceleration from a tantalum foil target driven by the relativistic
ps laser pulse. For improving the quality of the proton beam, we
optimized the thickness of the backlight target to 20 ym, mean-
while, for reducing the scattering of protons, a 0.5 mm gap was
left between the Cu and CH targets, and the commonly used
mesh-grid has been removed to reduce blurring. The static
radiography images clearly show that the proton beam is of high
quality with almost uniform distributions, where the cut-off
energy exceeds 30 MeV, see Supplementary Note 1 and Fig. 1. For
protons with energy of typically 13.5 MeV, we estimate the time
for them to pass through the reconnection region is about 20 ps,
far less than the characteristic plasma evolution time (gen-
erally ~ ns), so that the transient radiography can be guaranteed.

Features of self-generated Biermann magnetic fields. To have
an intuitive understanding of the self-generated Biermann mag-
netic fields in laser-driven expanding plasmas, we firstly take
proton radiography for a single CH plasma bubble. The radio-
graphy images are shown in Fig. 2a, b at time t = 0.7 and 1.0 ns,
respectively, which correspond to the radiography protons of 13.5
and 7.7 MeV. We see that the protons are deflected into the inside
of the plasma bubble and a clear low-dose ring structure is
formed on the periphery of the plasma bubble, which can be
regarded as the direct evidence for generation of a toroidal,
clockwise Biermann magnetic field. Note that, if it is a radial
electric field, the protons should be deflected outside the plasma
bubble32. Further, comparing 2a, b, we can also estimate the
plasma expansion velocity parallel to the target surface is about

700 km - s~133, as about 2.0 ¢,, where ¢, = (yZT,/m,)"/* is the ion
sound speed. Similar radiography images of laser-ablated Cu
plasmas are also obtained, by which we estimate that its expan-
sion velocity is on the same order due to the similar charge-to-
mass ratio Z/A. These self-generated Biermann magnetic field
topologies are also verified by our three-dimensional (3D) syn-
chronous proton radiography experiment (unpublished).

To extract more quantitative information from the radio-
graphys, we use the inverse field-reconstruction code
“PROBLEM”34 to recover the path-integrated magnetic fields v,
see Methods. Reconstructed y for the dashed-box region in
Fig. 2a and b are shown in 2c¢ and d respectively, which further
confirms the existences of toroidal magnetic fields in expanding
plasmas (see red dashed curves). The value of y is about 4.0
T - mm, from which we can estimate the average field strength
about>10 T. This is in good consistence with the estimation
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Fig. 2 Topologies of self-generated Biermann magnetic fields in laser-
driven expanding CH plasma bubbles. a and b are respectively the face-on
proton radiography images at t = 0.7 ns and 1.0 ns for CH plasma
expansion, where the higher the grayscale represents the higher the proton
doses. ¢ and d are the strength of the reconstructed path-integrated
magnetic fields y (in units of T-mm), corresponding to the dashed-box
region in (a) and (b) respectively.

under paraxial approximation, where the path-integrated mag-
netic field v is estimated!>21:22 as

d (ym), /E,(MeV)
r-my= | i ~ 14 VBN )
0

L(mm)

where w and L are respectively the width of the low-dose ring and
the distance from the plasma to the RCF stack, and E, is the
proton energy. Assuming w ~ 500 um, E, ~ 13.5 MeV and L ~ 50
mm for CH plasma in 2a, the magnetic field is roughly estimated
as y=53T -mm, and the field in 2b at t+=1.0 ns is about
7.6T-mm.

Hybrid collisional-collisionless magnetic reconnection: experi-
mental results. The proton radiography results of the magnetic
field topologies at various times in Fig. 3a-d provide direct picture
of the whole process for the magnetic reconnection in this
asymmetric regime. At time = 0.3 ns (Fig. 3a), we see that the
toroidal Biermann magnetic field still has not sufficiently devel-
oped and is not prominent, where some small-scale jet-like proton
accumulations exist possibly due to the filamentary magnetic field
arising from escaping of hot electrons3>. At time 1.0 ns (Fig. 3b),
two low-dose rings (marked by the blue dashed lines) form at
respectively collisionless CH and collisional Cu plasmas, which
indicate the toroidal Biermann magnetic fields form, similar to
those in Fig. 2a, b. We also see that the two magnetic fields already
start to touch each other, consistent with the above estimations of
their expansion velocities. Further, we see that more protons
accumulate inside the Cu plasma bubbles than that of CH, indi-
cating a stronger self-generated magnetic field, which is attributed
to a steeper temperature gradient V T, of Cu plasmas, see Sup-
plementary Note 2 and Fig. 2. Also, the sharper proton accumu-
lation radiography in CH plasmas may benefit from the uniform
drive laser focal spot in our experiment, rather than the Gaussian
one in Cu plasmas.

At later time t=1.5 ns [3(c)], both Cu and CH plasmas
continue to flow in, and as a result, the anti-parallel magnetic
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Fig. 3 Experimental results of hybrid collisional-collisionless magnetic reconnection. a-d are the proton radiography results of magnetic field topologies
at time t =0.3, 1.0, 1.5 and 1.8 ns respectively, where the upper half is for collisional Cu plasma and the lower is for collisionless CH. The higher the
grayscale represents the higher the proton doses, and all images are rescaled to the realistic length through dividing by the radiography geometric
magnification M ~ 6.0, see Methods. f-h are the reconstructed path-integrated magnetic fields y, corresponding to the dashed-box region in (b-d)
respectively, where the color map in (f) represents B, component and those in (g) and (h) represent B, components. The contour lines in (f-h) represent
the corresponding vector potential A,. (e) shows the profiles of y in (g) (blue line) and (h) (red line) along y-axis.

fields are strongly squeezed in their colliding region forming a
reconnection current layer. Correspondingly, the proton radio-
graphy image (Fig. 3c) shows that two low-dose rings merge into
a long and narrow ribbon with length Ax,,, ~ 1.9 mm and width
Ay, ~ 0.3 mm. Almost all protons are deflected out of this
narrow ribbon region indicating that rather strong magnetic field
exist locally, and the Y-shaped opening ends at both side of the
ribbon region imply that the magnetic fields in Cu and CH
plasmas begin to separate. Finally and more importantly at time
t=1.8 ns [3(d)], we see that the uniform low-dose ribbon is
disturbed, and several high-dose fine filaments appear (marked by
the red-dashed circles), which means that protons pass through
without significant deflection. In other words, it means that the
magnetic fields are dissipated at these fine filamentary regions,
which is the key evidence for the occurrence of magnetic
reconnection.

To more accurately reflect the change of the magnetic field
topology, the reconstructed path-integrated magnetic field y and
the corresponding vector potential A, (see field lines) are shown
in Fig. 3f-h, see Methods. They clearly show that the two toroidal
magnetic fields [see 3f] are piled up together, forming a narrow
reconnection layer dominated by only the anti-parallel B,
component [see Fig. 3g], the field strength at the center tends
to zero. As shown in Fig. 3e for the profile of y along y-axis, we
see that the asymmetry of the plasma properties results in the
asymmetric magnetic flux (blue curve), which is stronger in Cu
(y>0) than CH (y < 0). And at later time, the current sheet on the
side of the Cu plasma is obviously widened than that in CH
plasmas (red curve), which may be the result of the magnetic
diffusion caused by the strong collision effect. Using the Ampere’s
law J =V x B/u,, it is estimated that the width of the current
sheet (peak to peak) is about 23, ~ 150 um, which is much

smaller than the length 2L ~ 1.9 mm. For such a long and narrow
current sheet, the tearing instability occurs and develops rapidly,

resulting in formation of multiple plasmoids®’~2%, which are
shown clearly in 3(h) by the red contours, also corresponding to
the high-dose filaments in the radiography image 3d. Further, we
see that there are still lots of un-reconnected magnetic fluxes on
the outside of the fragmented current sheet, which may be due to
the inefficient plasmoid ejection (because of high f) prevents
further inflow of upstream magnetic fields3%3!, Compared with
other published CH-CH reconnections!>17-22, due to the
optimized proton radiography, we observed a clear current sheet
and plasmoid structure. Meanwhile, compared with reconnec-
tions with stronger collisionality (such as Al-Al and Au-Au)!4,
the current sheet in our experiment is more unstable to the
tearing instability. In view of the above radiography results, we
conclude that we have directly observed the growth of the tearing
instability and formation of multiple plasmoids as well as the
whole reconnection dynamics in the plasmoid-dominated
magnetic reconnection.

Hybrid collisional-collisionless magnetic reconnection: simu-
lation results. The above experimental results are reproduced and
explained by a self-consistent combination of RMHD and PIC
simulations as well as the proton radiography iterative inversion
algorithm. As mentioned, magnetic reconnection is a rapid pro-
cess of global magnetic topological self-organization triggered by
local reconnection points, which depends critically on the plasma
states. Before two plasma interactions, the laser-ablated plasma
expansion dynamics is majorly governed by RMHD. Therefore,
we firstly run the RMHD simulations with the “FLASH” code3” to
obtain the basic plasma parameters as the initial condition for the
following PIC simulations that can describe the interaction and
reconnection dynamics of two plasmas. The expanding Cu and
CH plasma parameters obtained from RMHD simulations are
summarized in Table la, where the electron density #,, tem-
perature T, flow velocity v and magnetic field strength B are all
taken for those at the periphery of each plasma bubble. The
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expansion velocities and magnetic fields are comparable to the
experimental results shown in the Fig. 2 above, and the electron

g8 ~ o density and temperature are also close to those measured by
88 i optical interferometry®? and Thomson scattering!4. More details
oo SN can also be seen from the Methods and Supplementary Fig. 2. The
differences in the equation of state (EOS)38 and opacity>® of the
Cu and CH lead to the asymmetric plasma states on both sides.
For both plasmas, the thermal pressure to magnetic pressure ratio
o§ B>1 and the ram pressure to magnetic pressure ratio frum > 1
83 e indicate that reconnection is strongly driven2!22,
38 BN W For the following plasma colliding and reconnection process,
£RT 383 due to low densities and high temperatures of plasmas at their
interaction region, the electron mean free path A.; comparable to
the plasma scale L, therefore, the kinetic effects start to play key
roles and kinetic PIC simulations are required*0-42. In order to
= connect the PIC simulation with the RMHD simulation in a self-
g.gg . consistent manner, a self-similar transformation is proposed and
g £E%n lied here, see more details in Methods. Just like the self-
So S app
o SR similarity principle of the magnetohydrodynamic equations*3-4°,
we choose a set of free parameters to spatially scale down the
plasma parameters obtained from the above RMHD simulation to
o . . . . . . .
o 83 the relative small scale that is practical for kinetic PIC simulation,
ke o where the plasma properties including f3, ,..m, the Mach number
<53 .88 and the Alfvénic Mach number, etc., are all kept conserved
between RMHD and PIC. In order to correctly evaluate the
relative strength of Coulomb collisions®, we ensure that L/A,;
remains unchanged in the two systems. Through this methodol-
a2 2 ogy, we carry out the whole simulation in a self-consistent
<8 5 S manner.
sy After the Cu and CH plasmas collide, the supersonic inflow
makes the plasma and magnetic fields pile up around the
reconnection region, and the properties of the plasmas (electron
~o3 density n,, temperature T,) and fields become almost uniform in
027 _28 the z-direction, see Supplementary Fig. 3. These make the
§§§ £ gé‘, magnetic reconnection quasi-2D, and this reconnection process
= 225

can be approximated with kinetic 2D3V PIC simulations. In
addition, it has also been identified that the 3D tilted geometric
effect has little effect on the reconnection rate in such a strongly-

(a) The expanding Cu and CH plasma parameters at t = 0.8 ns obtained from the three-dimensional (3D) RMHD simulations, which are used as the initial condition for the following PIC simulations after self-similar scaling. (b) The plasma parameters inside the compressed
reconnection layer (current sheet) of respectively Cu and CH sides at t = 1.3 ns obtained from PIC simulations, which are exactly the plasma states for magnetic reconnection. The listed plasma parameters include electron density n electron temperature T, ion charge state
Z, magnetic field B, plasma flow velocity v and Alfvén speed v, the ratio of thermal pressure to magnetic pressure f, the ratio of ram pressure to magnetic pressure B,.m, Reynolds number R,, magnetic Reynolds number R, and Peclet number P, electron mean free path A,
Lundquist number S, current sheet width of the Sweet-Parker model 8y, ion skin depth d; and ion cyclotron radius p.;. When calculating R, Ry, and P, the plasma scale and Coulomb logarithm are taken as 1.0 mm and 10.0, respectively, and the half length of the current sheet is

Table 1 Plasma parameters obtained from radiation-magnetohydrodynamic (RMHD) and following self-consistent particle-in-cell (PIC) simulations.

oo oo driven regime?2.

€§EL gﬁg The fully-kinetic PIC simulations are performed in two-
R Qe dimensional (2D) xy plane with the code “EPOCH”#’. Topologies
of magnetic field evolutions at various times in the simulations
are shown in Fig. 4a-d from t=1.0 to 1.8 ns (following the
N S previous RMHD simulation). Based on these field topologies, we
NS o ol also carry out the simulation for the synthetic proton radiography
20 process, see Methods. The synthetic proton radiography images
corresponding to 4a-d are shown respectively in Fig. 4e-h. We
see that the Cu and CH plasma bubbles start to contact with each
S35 ! . other at t = 1.0 ns [Fig. 4a], in consistence with the experimental
R I result [see Fig. 3b]. The corresponding synthetic radiography
£ E[238 image in Fig. 4e also show similar feature as that in the above 3b,
3 ; where the slight difference may be due to lack of a driving source.
E 3 & At t=1.2 ns [Fig. 4b], similar as the experimental results, we see
g"?g 5 “E E that the magnetic fields are compressed and amplified in the
gl | fLws < colliding region, forming a long and narrow current sheet. Due to
gl2as | g|Sas 5 the plasma pressure asymmetry, we also see the current sheet

§_ o =T E drifts slowly towards the Cu plasma side.
3 3 < Subsequently at time = 1.5 ns, we see clearly from Fig. 4(c)
£ 2 E that the current sheet breaks and multiple plasmoids form due to
o = E the tearing instability?’-2%, and magnetic field energy dissipates at
g 2 2 several local points (X-points), marked by the red crosses.
§ g 2 Furthermore, we see all the plasmoids protrude into the CH
p s 2 plasma side and are more pronounced in the CH plasma side,
E 5 3 which further verifying that the asymmetry of the tearing
,g 5z g i3z % instability and magnetic reconnection. This feature is quite

similar to the astronomical observations of the reconnection
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Fig. 4 Kinetic 2D3V particle-in-cell (PIC) simulation results of the hybrid magnetic reconnection. Here the initial conditions are taken from the RMHD
(radiation-magnetohydrodynamic) simulation at z= 400 um, and at t = 0.8 ns [see Supplementary Fig. 2]. a-d are distributions of the magnetic field
strengths |B| (in white-blue color bar) at time t =1.0, 1.2, 1.5, 1.8 ns respectively during the magnetic reconnection. The zoomed images show the out of
plane current densities J, (in blue-red color bar, normalized to 1x 104, 4 x 1014, 6 x 10'4, 10 x 10™A - m~2 respectively) and vector potential A, (contours)
of the reconnection region, corresponding to the dashed box regions in (a-d) respectively. e-h show the corresponding synthetic proton radiography
images based on the magnetic fields (a-d) obtained from PIC simulations (more details see Methods), where the higher the grayscale represents the
higher the proton doses. The radiography geometric magnification M and proton energy E, are consistent with the realistic experimental radiography setup.
In order to match the extracted path-integrated magnetic fields y, the thickness of the fields is taken as d ~100 ym.

between solar filaments and coronal loops!3. Again, both the
X-points and plasmoids can be accurately reflected by the
synthetic proton radiography, as shown in Fig. 4g, where several
high-dose fine filaments appear (marked by the red-dashed
circles), agreeing well with the experimental results in Fig. 3¢, d,
although the spatial averaging effect reduces the clarity of the
experimental images. Note that the length and width of the low-
dose ribbon in 4g is about Axy ~ 1.7 mm and Ay, ~ 0.25
mm, which are also both consistent with the experimental results.
At much later time t = 1.8 ns [Fig. 4d], we see that the magnetic
fields, current sheet and plasmoids are further continuously
compressed, and the distance between these plasmoids gradually
increases due to stretch and ejection3%3! (v~ 10°m - s~1). These
plasmoids and X-points (high-dose filaments) become more
prominent in radiographic images, see Figs. 4h and also 3d. The
number of plasmoids and X-points does not change with time,
implying that the merging of magnetic islands and secondary
tearing instability2>-2° both do not occur here. The phenomen-
ological consistency between the simulation and the experimental
results verifies that the tearing instability and plasmoid-
dominated magnetic reconnection indeed take place in our
experiment.

To reveal the inherent mechanism of the hybrid collisional-
collisionless magnetic reconnection, the main parameters of both

Cu and CH plasmas inside the reconnection layer obtained from
PIC simulations are summarized in Table 1b, which are exactly
the plasma states for magnetic reconnection. We see that since
both Cu and CH plasmas are highly compressed, their densities
and temperatures significantly increase, and the magnetic field
strengths are amplified to more than 2 times than their initial
values, see also Supplementary Note 3 and Fig. 4. The average
width of the reconnection layer (current sheet) is about
20 ~ 100 ym, which is similar with the reconstructed experi-
mental result 28, ~ 150 ym. The Lundquist number S=Lv,/
7>1 in both plasmas, especially in the CH plasma where
S~ 0.5 x 104, verifying that the tearing instability can easily occur
and develop. But they are still well below the threshold (S ~ 107)
at which the current sheet thinning becomes significant*®49, i.e.
the current sheet remains in the relatively static Sweet-Parker

regime. The half width of the Sweet-Parker current sheet §, =

L/ /S of Cu (about 0.4d;) and CH (about 0.3d)) plasmas are both
smaller than the ion skin depth d; or ion cyclotron radius p,;
which means the two-fluid effect??36 needs to be considered.
More importantly, we see that, due to the very different ion
charge states Z of Cu (Z ~ 20) and CH (Z =~ 3.5), the plasma on
the Cu side is in a strongly-collisional state (A~ 100 ym and
Aei /26y, ~ 0.67), while the plasma on the CH side is collisionless

(Aei ~ 500 ym and A; /20, ~ 3.33). Comparing d;, and A; in Cu
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and CH plasmas, and take into account the experimental current
sheet width 28, ~ 150 pym, it can be considered that the
asymmetry of reconnection is mainly reflected in Coulomb
collisions. That is, an asymmetric magnetic reconnection in the
hybrid collisional-collisionless regime can be expected.

From both the above experimental and simulation results
[comparing Fig. 3¢, d, or comparing 4c and d], we estimate that
the characteristic growth time of the tearing instability for the
hybrid reconnection is rather fast as about 71y ~ 0.5 ns, at the same
order of the Alfvén transit time across the current sheet 74, = 6/v,.
Such fast tearing instability and reconnection dynamics cannot be
explained by only the two-fluid effect. This can be proved from two
aspects. One the one hand, as known, the maximum growth rate of
the spontaneous tearing instability from the hydrodynamic
perspective is about y, .~ (v,/8)(d,/d;)""(d;/8)" 5051, Substi-
tuting the reconnection plasma parameter in Table 1b into it and
assuming & ~ 50 um, we estimate that yc, ~ (2.5 + 1.0) x 108s~1 and
Yeu ~ (1.5 £0.5) x 108571, which corresponds to the characteristic
growth time of the tearing instability as both larger than 10 ns, too
slow to explain the experimental and simulation results. On the
other hand, considering only the two-fluid effect, the predicted
most unstable mode is k.. ~ (1/8)(d,/d,)"(d;/8)"°01, which
means that the most confident number of X-points in reconnection
is M =Lk,,/m~2, also smaller than 4 observed in our
experiment (see Fig. 3c).

Therefore, to explain the fast and effective tearing instability
observed in our experiment, we analyze the various contributions
of the dissipative reconnection electric field E,, which after
normalization is defined as the reconnection rate. The two main
contributions, the non-gyrotropic component of the electron
pressure tensor E,, ~ —V P, /(en,) and the resistive compo-

nent E_, = 5], are shown in Fig. 5a, b respectively at time t = 1.4
ns. Their contributions varying with time from t=1.2 to 1.6 ns
for respectively Cu and CH plasmas during reconnection are also
shown in Fig. 5c. We see clearly that the non-gyrotropic electron
pressure tensor always dominates [the lower half part in Fig. 5a
and the blue square symbol in Fig. 5¢] in the collisionless CH
plasma side, while the resistive electric field dominates [the upper
half part in Fig. 5b and the red triagnle symbol in Fig. 5c] in the
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collisional Cu plasma side. And as a whole, for the hybrid
reconnection, the collisionless nongyrotropic electron pressure
tensor contributes (about 75%) most of the reconnection electric
field, while the resistivity only contributes ~25%. In other words,
it is just the collisionless non-gyrotropic electron pressure that
results in the fast tearing instability and reconnection in our
experiment®2. The total reconnection electric field is about
E,~6x10°V-m~1, on the order of 0.3%0.1v4ocBioc after
normalization [marked by the green circle in Fig. 5c], i.e., a fast
reconnection rate0:42,

To further demonstrate the dynamics of the hybrid reconnec-
tion, we also carry out RMHD-PIC simulations for the cases of
the purely collisionless CH-CH and purely collisional Cu-Cu
magnetic reconnection, where the drive laser and other
parameters are also the same. The results are shown in
Supplementary Note 4 and Fig. 5. We see that in the purely
collisionless reconnection case, the tearing instability grows even
more quickly, resulting in the formation of more number of
multiple X-points, where the normalized reconnection electric
field is E, ~0.5%0.05v40cBioc [marked by the green star in
Fig. 5¢], a little higher than the hybrid case. By contrast, in the
purely collisional Cu-Cu reconnection case, the resistive electric
field dominates, a Sweet-Parker-like current sheet with single
X-point is formed, where E, ~ 0.16 £ 0.03v, jcBjoc [marked by the
green diamond in Fig. 5¢c] is much lower. These further confirm
the possibility of the occurrence of a hybrid collisional-
collisionless magnetic reconnection in our experiment.

Conclusions

In summary, we have carried out the well-designed experiment
on an unexplored new regime of magnetic reconnection, hybrid
collisional-collisionless regime, by colliding of laser-ablated high-
Z Cu and low-Z CH plasmas. Using highly-resolved proton
radiography, we have directly observed the topology changes for
the whole process of the plasmoid-dominated magnetic recon-
nection. With the self-consistent RMHD-PIC simulations, we
find that the experimental reconnection indeed lies in the hybrid
regime and the growth rate of the tearing instability is still
extremely large, resulting in rapid formation of multiple
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Fig. 5 Contribution terms of the reconnection electric field E, in the hybrid magnetic reconnection. a and b are respectively the contributions from the

off-diagonal (nongyrotropic) component of the electron pressure tensor Ep, ~—V,P

\2/(€n,) and the resistivity E,, =nJ, at t =1.4 ns, where, the same as

the setup in experiment, the upper half part is collisional Cu plasma (where E, is quantified using the colormap scale from purple to green colors) and the
lower half part is collisionless CH plasma (where E, is quantified using the colormap scale from black to red colors). € shows their contributions varying
with time from t =1.2 to 1.6 ns for respectively Cu and CH plasmas during reconnection, the error bars represent one standard deviation. The normalized
reconnection electric field £, (normalized to local Alfvén speed v, ,c and magnetic field B,.) for respectively the cases of purely collisionless CH-CH (green
star), hybrid Cu-CH (green circle) and purely collisional Cu-Cu (green diamond) reconnections are also marked in (¢), where all the values are chosen at
the time when the changes of their magnetic field topologies are most significant.
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plasmoids, lower than the purely collisionless case but much
higher than the collisional case. We show that, in this asymmetric
magnetic reconnection, the reconnection electric field show much
distinct feature, which is large and grows fast at the collisionless
plasma side induced by the off-diagonal (non-gyrotropic) com-
ponent of the electron pressure tensor, whereas smaller and more
slowly at the collisional side induced by only the resistivity.

The hybrid collisional-collisionless magnetic reconnection
discussed here occurs widely in astrophysics. For example, for the
reconnection between the erupting collisional filaments and
the collisionless coronal loops in solar and stellar atmosphere, the
astronomical observations reveal that most of the plasmoid for-
mation and plasma heating occurred on the side of the colli-
sionless coronal loops!3, are qualitatively consistent with our
results. Besides, the possible reconnections occurring between the
dense accretion disk and the tenuous interstellar medium may
also be in such hybrid regime. Our experimental results show that
the plasmoid formation is a universal feature of magnetic
reconnection, even in this hybrid regime, which has been recently
observed to help facilitate the slow-to-fast phase transition of
reconnection in the solar atmosphere®3. We also show that the
specific magnetic reconnection mechanism depends critically on
the plasma collision rates, which significantly affect the growth of
the tearing instability and further the global reconnection rate,
eventually determining the energy conversion efficiency from
fields to plasmas, such as heating the solar corona3. Moreover, the
lower plasma S, higher Lundquist number S and ubiquitous
guiding fields in these astrophysical environments may promote
the plasmoid ejection, thereby help to establish the positive
feedback for global fast reconnection®>20,

However, under this experimental scheme, our experimental
results are still relatively preliminary. Although we have
demonstrated general features of this hybrid reconnection regime,
such as current sheets and plasmoids, using proton photography,
a direct and detailed comparison with purely collosional and
collisionless reconnection remains for future work. There have
been a large number of plasma parameter measurements, but,
how to quantitatively characterize the collisionality experimen-
tally remains a problem. Further more, how to create plasmas and
magnetic reconnection with greater differences in collisionality is
also a technical challenge. In view of this, our proposal and
research can be seen as the first attempt to answer these questions
experimentally, and will attract more attention to this hybrid
reconnection regime.

Methods
Experimental setup. The hybrid collisional-collisionless magnetic reconnection
experiments presented in this work are carried out on ShenGuang IT upgrade (SG-
11-U) laser facility at the Joint Laboratory on High Power Laser and Physics,
Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences.
The laser facility have 8 nanosecond (ns) pulses and 1 picosecond (ps) petawatt
pulse. The main target consists of two foils with the upper half part as Cu foil of
density p=28.92 g+ cm~3 and the lower half part as plastic CH foil of density
p=1.02g-cm~3. Both foil targets have thickness of 30 yum and width of 1.0 mm,
and parallel to each other, and there is a 0.5 mm gap between the Cu and CH
targets, in order to eliminate the scattering effect of protons by the solid targets.
The two foil targets are ablated with two 3w long laser pulses (green) that have
energy about 800 + 100] in a 1+ 0.1 ns square temporal profile, with either a 200
um FWHM Gaussian or a 450 ym diameter uniform focal spot. The corresponding
average laser intensities are about 2.5 x 101°W - cm~2 and 4.0 x 1014W - cm—2
respectively. The incident angle between the laser beam and the target normal is
about 45°, and the distance between the two focal spots is about 1.8 mm. The
proton radiography is set up along the face-on ( — z-axis) direction, by irradiating
the backlighter 20-um-thick Ta foil (red) target with a relativistic ps pulse. The ps
pulse has energy of 350 + 50 J, wavelength of 1.053 ym, duration of 1.0 + 0.1 ps and
is focused by a 800 mm focal-length, f/2.5 off-axis parabolic mirror to an intensity
about 3.0 x 101°W - cm~2, with focal spot diameter ~ 40 ym. The cut-off energy of
the high-quality laminar proton beam exceeds 30 MeV, and the deflected protons
are finally deposited on the HD-V2 radiochromic film (RCF) stack, whose response

to proton dose has been well calibrated with a good linear relationship between
proton dose and optical density (OD). The distance between the backlighter foil
(Ta) and the main foils (Cu and CH) is h ~ 10 mm, and that between the main foils
and the RCF stack is L ~ 50 mm, which result in the geometric magnification factor
of the proton radiography system as about M = (h+ L)/h ~ 6.0.

Path-integrated field reconstruction. The extraction of the path-integrated
magnetic field ¥ from proton radiographs in this work is done by using the
algorithm and program “PROBLEM”34, where a parabolic Monge-Ampére equa-
tion is solved. Note that the formation of the proton radiographys can be under-
standing as following.

First, the propagation of laser-produced proton beam initially can be regarded
as a uniform expansion from a point source (laser-driven target normal sheath
acceleration region) into the probing plasma region. Under the paraxial
approximation, [,/r;<< 1, when the proton beam arrives at the probing region, it
can be regarded as a two-dimensional near-planar sheet, where [, and r; are
respectively the plasma lateral length and the distance from the proton source to
the plasma, in our experiments, /, ~ 1 mm and r; = h = 10 mm.

Afterwards, the proton beam is deflected by the Lorentz force arising from self-
generated magnetic fields in plasmas, and the lateral deflection velocity can be
expressed as

L,
Vi) ¥ i / dsB(x(5), @
14

where e is the proton charge, m, is the proton mass, x,¢ and x(s) are respectively
the initial perpendicular position and the proton trajectory. The outgoing proton
beam moves approximately in a straight line at a constant velocity, and the lateral
deflection velocity v(x,) is amplified as

T+ v(x
: ) X1 +%7s7 (3)
! P

ix,) ~

where v, is the proton velocity, r, is the distance from the plasma to the RCF
screen, r,= L ~50 mm in experiments, and x(j) is the proton position on the
screen.

Eventually, the deflection effect by the magnetic field makes the initially
uniform proton beam redistribute on the RCF screen as

‘I’(x(s) X ) = %\P
H040) eV oD
where ¥ and ¥, are respectively the redistributed proton flux on the RCF screen
and the initial proton flux (generally uniform), and V ,, is the gradient operator of
the initial plasma coordinates.

Therefore, the path-integrated magnetic field can be obtained by solving the
Monge-Ampére equation (4), and

0 4)

rk m,c
y= / dsB(x(s)) = — Tpix V(X )- (5)
0

Due to the divergence-free of magnetic field V - B =0, then the deflection
velocity is curl-free V x v = 0. The deflection velocity can be viewed as the gradient
of a potential function v=V ¢, and the corresponding magnetic field potential
function is expressed as

A:_mTPC(/j! (6)

under the quasi-two-dimensional approximation, this is equivalent to the magnetic
vector potential A, and A, ~ A/L.

This inversion problem is well-defined, the geometric distance and proton
energy are determined in the experiments, the redistributed proton flux ¥ can be
obtained from the response function of RCF optical density (OD) to proton dose,
and which has an almost linear relationship in the low-dose region. The
inhomogeneity of the initial proton flux ¥ is ignored, see also Supplementary
Fig. 1.

3D radiation-magnetohydrodynamic (RMHD) simulation. The three-
dimensional (3D) RMHD simulations in this work are carried out by using the
code “FLASH”37, which has been developed to include many high energy density
physics modeling capabilities including laser energy deposition, multi-temperature
(T, # T; # Tyaq), anisotropic electron thermal conductivity, and multi-group
radiation transport etc. We have also further extended the code with the self-
consistent magnetic field modeling capabilities including the Biermann battery,
Nernst advection and so on, which is the reason why we called it as “RMHD”.
The initial conditions of 3D RMHD simulations are taken following those in the
experiments. The size of the simulation box is 4 x 6 x 1.5 mm? in all (x, »2)
directions and the solid CH/Cu foil targets with thicknesses 30 um in z direction
and areas of 1.0 x 2.0 mm? in respectively x and y directions are placed at the
position z= 0.2 mm. The ns laser pulses with energy of 800] (a multiplier is used to
account for the scattering caused by parameter instabilities and match the plasma
morphology in the experiments), flat-top temporal profile of duration 0.9 ns plus
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0.1ns rising and falling times, and focal spots consistent with experiments are
incident on the foil targets at an oblique angle of about 45°. The equation of state
(EOS) and opacity of solid foil materials (CH and Cu) come from the code
BADGER?® and IONMIX??, respectively. The initial densities of the solid foil
targets are set to pcy = 1.02 g - cm™3 and pc, = 8.92 g+ cm~3, and the rest is filled
with background He gas with a density of 2 x 107%g- cm~3. All the initial
temperatures are set to be uniform as room temperatures Tp ~ 290 K.

In the simulations, an adaptive grid is used. And the geometric-optical
approximation of inverse bremsstrahlung absorption is used to represent laser
heating. The Riemann solver of the MHD equations uses HLLC, and the slope
limiter uses minmod. The Courant (CFL) number is self-adaptive, the typical value
is 0.4. Fully implicit electron thermal conductivity is also adopted, and the flux
limiter is selected as a typical 0.06. The boundary conditions for fluid, electron
thermal conductivity and radiation transport are all set to open. The simulation
results of plasma properties are shown in Supplementary Fig. 2.

Self-consistent RMHD-PIC simulation. The fully-kinetic PIC simulations in this
work are performed in two-dimensional (2D) xy plane with the code “EPOCH™#7.
It has been identified that the 3D geometric effect has little effect on the recon-
nection rate in such a strongly-driven regime?. In order to connect the PIC
simulation with the RMHD simulation in a self-consistent manner, a self-similar
transformation is proposed and applied. That is, before the kinetic effects become
important, RMHD is used to simulate the macroscopic states of the plasmas, and
then PIC is used to simulate the subsequent kinetic processes, while ensuring a self-
consistent connection between them. Just like the self-similarity principle of the
magnetohydrodynamic equations*3-4°, we choose a set of free parameters to
spatially scale down the plasma parameters obtained from the above RMHD
simulation to the relative small scale that is practical for kinetic PIC simulation,
where the plasma properties including f3, Bram,» the Mach number and the Alfvénic
Mach number, etc. are all kept conserved between RMHD and PIC. The Coulomb
collisions are also well included by making L/A.; conserved.

The principle of this method comes from the self-similarity of the ideal MHD
equations?3-4°, that is, under a set of specific parameter transformation,

r=ary, p=bpy p=cpy,
v, =+/c/bvy, B, =B, t =a\/b/cty,

the form of the ideal MHD equations remains unchanged. a, b and c are the free
transformation parameters. r, p, p, v, B and t respectively represent length, density,
pressure, velocity, magnetic field and time. The subscripts 0 and 1 respectively
represent two different systems connected by this parameter transformation. This
means that under similar initial and boundary conditions, the two systems have the
same evolution characteristics. This scale transformation is often used in laboratory
astrophysics to compare experiment results with astrophysical events.

The condition for the establishment of this self-similarity is that the plasmas is
polytropic and ideal, which means that viscosity, electric resistivity and heat
conductivity are not dominant, i.e., the Reynolds number R, = Lv/v, the magnetic
Reynolds number R, = Lv/yj and the Peclet number P, = Lv/y are far greater than
1.0. These dimensionless numbers, before the Cu and CH plasma bubbles touch
each other, are listed in Table 1a. Both R, and R,, are far greater than 1.0. Although
P, is less than 1.0, considering that the plasma corona is approximately isothermal
(see Supplementary Fig. 2) and the suppression of the electron heat flow by the
magnetic fields, the coronal P, will be greater than 1.0. And the coronal plasma is
approximately an ideal gas, so it is also polytropic. Therefore, under limited
approximations, the laser-driven expanding plasmas can be regarded as an ideal
polytropic gas, where the self-similar transformation can be applied.

In the context of PIC simulations, since the plasma density has the relation
p ~m;n; and pressure p ~ nT, the transformation parameters should be chosen as
b=fnfa and c = f, fr, where f,,, f, and fr are the transformation parameters of ion
mass, plasma density and plasma temperature respectively. As for the
transformation parameter a of length, in order to correctly account for the two-
fluid effect, it should be ensured that L/d; (on the order of 100 in typical laser-
ablated plasmas) remains unchanged under the similar transformations, and this
constraint gives a = +/f,,/f,,» which also maintains compatibility with the
Ampere’s law J =V x B/y. In this way, the self-similar transformation of ideal
RMHD equations is self-consistently converted into the language of PIC
simulation, that is, the transformation parameters a, b and ¢ of RMHD variables
are converted into f,,, f, and f; of PIC particle variables,

@)

a= fm/fn’ b=fmfn’ C=fnfT' ®)

Other variables are also transformed according to the corresponding parameters,

the fluid velocity v, /vy = \/f1/f,, = €.1/¢C.0» i€., the ratio of the ion sound

velocity of the two systems. And the time t,/ty = f,./\/f, f1 =fn/~Cc=
w;} /w5, the ratio of the ion cyclotron time of the two systems.

We apply this transformation methodology to the kinetic simulation of hybrid
magnetic reconnection, and transform the results of the RMHD simulation at
t=0.8 ns to the PIC simulation, see Supplementary Fig. 2 and Supplementary
Fig. 4. Balance the computing power and the universality, we choose the mass of
Cu ions in the PIC simulation to be m¢, = 1000m,, and the mass of CH ions mcy

and He ions myy are calculated proportionally, which gives £, ~ 0.0085. The
parameters of number density f, = 10 and temperature fr = 5. These parameters
lead to t;/t, ~ 0.0012, i.e., 1.2 ps in PIC simulations represents 1.0 ns in RMHD
simulations and experiments. In the PIC simulations, the ion charge state Z is
always consistent with the RMHD simulations. The whole simulation box is
divided into 1600 x 2400 grids, and 100 macro-particles per species are employed
in each grid. To verify the convergence of the simulation, doubling the number of
particles give identicl results to the images shown. Open boundary conditions are
also applied in each direction, and other set of transformation parameters hardly
affect the final results.

Although the introduction of collision effects will destroy the self-consistency of
similar transformations (due to the bad-scaled transport coefficient v, 7 and y), as
long as the dimensionless parameters R,, R,, and P, are far greater than 1.0, then
this deviation is negligible. In the hybrid collisional-collisionless magnetic
reconnection, the collision effect of Cu plasma may be important near the current
sheet, where A,; ~ 26. The commonly used parameter to evaluate the strength of the
collision effect is L/A;. In the PIC simulation, we keep this parameter consistent
with the RMHD simulation and experiments. Because of A,; o T?/n,, the
transformation parameter of the collision frequency is v,; , /Veio = f5/\/Fm fn- BY
this way, the binary Coulomb collision*® can be appropriately included.

Synthetic proton radiography simulation. In order to directly compare with the
experimental proton radiography images, we perform synthetic, numerical proton
radiography simulation based on the magnetic fields obtained from the self-
consistent combined RMHD-PIC simulation. The main steps are as follows: pro-
tons with a point source are magnified by point projection, then enter the area
filled with magnetic fields and deflect by the Lorentz force. After escaping these
magnetic fields, they perform a uniform linear motion and are finally deposited in
the simulated RCF stacks. These protons are regarded as PIC macro-particles, and
their energy is consistent with the experiments. The geometry and magnification
rate of the system are also consistent with the experiments. The deflection motion
of these protons in the magnetic fields adopts the Boris algorithm, and the mag-
netic field fluxes are equivalent to the path-integrated magnetic field y that
extracted from the experimental images. These protons deposit energy in the
simulated RCF stacks and gradually slow down until they stop. The stopping power
of different materials come from the NIST Standard Reference Database®*, and the
scattering effect is ignored. The accuracy of this code has been well benchmarked.

Data availability
All data that support the findings of this study are available from the corresponding
author upon reasonable request.

Code availability

The FLASH Code is an radiation MHD simulation code for plasma physics and
astrophysics, was developed in part by the DOE NNSA- and DOE Office of Science
supported Flash Center for Computational Science at the University of Chicago and the
University of Rochester. The code is available for download from https://flash.rochester.
edu/site/flashcode. EPOCH is the Extendable PIC Open Collaboration project to develop
a UK community advance relativistic EM PIC code. The open source code is available for
download from https://cfsa-pmw.warwick.ac.uk/EPOCH/epoch. PROBLEM solver is an
open source Python implementation of the proton radiography reconstruction algorithm
of Bott (2017), the source code is available for download from https://github.com/flash-
center/PROBLEM. The synthetic proton radiography simulation code are available from
the corresponding author upon reasonable request.
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