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Abstract. Collisionless shocks are produced in counter-streaming plasmas with an external magnetic
field. The shocks are generated due to an electrostatic field generated in counter-streaming laser-irradiated
plasmas, as reported previously in a series of experiments without an external magnetic field [T. Morita
et al., Phys. Plasmas, 17, 122702 (2010), Kuramitsu et al., Phys. Rev. Lett., 106, 175002 (2011)] via laserirradiation of a double-CH-foil target. A magnetic field is applied to the region between two foils by putting
an electro-magnet (∼10 T) perpendicular to the direction of plasma expansion. The generated shocks show
different characteristics later in time (t > 20 ns).

1. INTRODUCTION
The aim of the research is to study collisionless shocks as observed in supernova remnants (SNRs) and
to find the physics of collisionless shock formation. This also aims at the physics of particle acceleration
relating to the origin of cosmic-rays. In the universe, collisionless shocks are, for example, formed
due to supernova explosions [1]. The diffusive shock acceleration (DSA) is the standard model for the
acceleration of cosmic-rays. It is, however, impossible to directly measure the accelerated particles
by shocks at SNRs and to measure various parameters such as electric and magnetic fields at the
shocks.
Laboratory experiments are one of the alternative ways to investigate the astrophysical phenomena
[2]. We have studied collisionless shocks with high-power laser-produced counter-streaming plasmas
[3, 4]. A large density jump due to an electrostatic (ES) shock has been observed by the optical
diagnostics such as shadowgraphy (SG) and interferometry (IF) [3]. Using streaked optical pyrometry
(SOP) and streaked interferometry (SIF), time evolution of high Mach-number ES shocks has been
observed [4]. These experiments, however, have been performed without an external magnetic field.
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Figure 1. (a) The schematic view of the target. The first foil is irradiated by three beams to produce counterstreaming plasmas between two foils. (b) The top view of the target. The plasmas are diagnosed by the SG, GOI,
SI, and SOP from the direction perpendicular to the plasma expansion.

It is important to investigate the effect of external magnetic fields on a shock formation because there
are weak ambient magnetic fields in the galaxy. Collisionless plasma interactions have been investigated
to simulate SNR shocks [5, 6], however, no shocks were observed early in time t = 500 ps in which the
plasma beta in the experiment, the ratio of the ram pressure of a plasma flow to the magnetic pressure
( = (ni mi vi2 /2)/(B 2 /2 0 )), was comparable to that of typical SNRs. Harilal et al. have investigated the
dynamics of expanding laser-produced plasmas across a transverse magnetic field in a high  condition
[7]. The plasmas was clearly slowed down, according to the time-of-flight measurements performed at
late time.
In this report, we show the collisionless shock generation with an external magnetic field in which
the plasma beta is relatively high (6 <  < 200) at 10 ns < t < 60 ns assuming the electron density
ne ∼1018 cm−3 .
2. EXPERIMENTAL SETUP
The experiment was performed at institute of laser engineering, Osaka University, with Gekko-XII
HIPER laser system, frequency tripled Nd : Glass laser (351 nm) which has the energy of ∼120 J/beam
in 500 ps with the focal spot of 300 m in diameter and the intensity of 1015 W/cm2 to produce highvelocity counter-streaming plasmas. Three laser beams are focused on one of the inner surface of a
double-CH-foil target (first-foil) as shown in Fig. 1(a) to produce a high-velocity plasma flow. The
second plasma flow from the other foil (second-foil) is produced by the radiation and a plasma flow
from the first plasma generated at the first-foil, resulting in the generation of counter-streaming plasmas
between two foils. The both foils are made of CH with the thickness of 200 m and are separated
by 4.6 mm. The axes z and r are defined as the distance from the first foil and that from the axis z,
respectively, as shown in Fig. 1(a).
The plasmas are diagnosed by a SOP and self-emission gated-optical-imager (GOI) by observing the
emission, and two SGs using a probe laser: frequency doubled Nd: YAG laser (532 nm) with the pulse
duration of ∼10 ns. The SOP is a streaked data of an one-dimensional image between the two foils at a
certain wavelength using a band-pass filter which has a central wavelength of 450 nm. The GOI is a twodimensional image of the emission in the same range of the wavelength as the SOP using an intensified
charge coupled devices (ICCDs) camera with an exposure time of ∼1.6 ns. Two ICCD cameras with
minimum exposure times of ∼ 200 ps are used for the SGs. These detectors measure from the transverse
direction as shown in the top view of the target in Fig. 1(b). Combining the plasma parameters such as
ne , plasma size, and the emission intensity obtained from the SOP and GOI, the plasma temperature can
be estimated [8].
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Figure 2. The SG data taken at (a) 10 ns, (b) 20 ns, and (c) 60 ns without an external magnetic field. The white
arrow shows the focal spot of the incident laser, and the black arrows show the shocks.

Figure 3. (a) The SOP data taken in this experiment and (b) in a previous experiment without an external magnetic
field. The closed circles show the shock observed by the SG. The SOP data (b) was taken in a same target but using
four laser beams. Two shocks were observed as shown with ellipses.

An electro-magnet with an effective diameter of ∼2 mm is placed at ∼5 mm from the edge of the
target. An external magnetic field of ∼10 T perpendicular to the target normal direction is produced by
a pulsed-power generator. The duration of the applied magnetic field is ∼0.5 s, which is large enough
for the time evolution of plasmas and the time range of all the diagnostics.
3. RESULT
In order to investigate the shock formation and propagation, the SG data are taken at different times
using identical targets and laser energies. Figures 2(a)–2(c) show the results of the SG at t = 10 ns,
20 ns, and 60 ns, respectively. The white arrow in Fig. 2(a) represents the position of the incident laser.
The shock positions are shown with the black arrows in the SG data. There are fine structures at r = 1–
2 mm at t = 10 ns, however, no shock is observed. At t = 20 ns, a sharp density jump due to a shock is
observed, and it propagates from left to right as shown in Figs. 2(b) and 2(c).
Figure 3(a) shows the SOP data. In the figure, the closed circles represent the shock positions z
at time t observed in the SG data shown in Fig. 2 (the SG data at t = 30 ns, 40 ns, and 50 ns are not
shown). The SOP data is not clear because of the misalignment of the detector, however, the bright
regions well correspond with the shock positions as shown with the closed circles. Figure 3(b) shows
the SOP data taken in a previous experiment with an identical target and different laser energy using
four laser beams (total laser energy is 572 J). At t = 25–35 ns, clear shocks are observed and interact
each other at t > 35 ns.
Figures 4(a)–4(d) show the SG data with an external magnetic field at t = 20 ns, 30 ns, 50 ns, and
60 ns, respectively. Shocks are clearly observed in the SG data as well as those without the magnetic
field in Figs. 2(a)–2(c). Shock positions as a function of t are plotted in Fig. 3(e) with (open circles) and
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Figure 4. The SG data taken at (a) t = 20 ns, (b) 30 ns, (c) 50 ns, and (d) 60 ns with the external magnetic field. (e)
The time evolution of the shocks observed by the SGs with (open circles, dashed line) and without (closed circles,
solid line) the external magnetic field.

without (closed circle) the magnetic field. Solid lines and dashed lines are guides for eyes. The shock
positions are different with and without the magnetic field at t > 20 ns.
The parameter  is estimated by assuming the average ion mass mi = Amp where A = 7.5 and mp
are the average mass number and the proton mass, respectively, the average degree of charge Z = 3.5,
and the ion velocity defined as vi = z/t, as   (A/Z)(0 mp /B 2 )ne (z/t)2 = 3.9 × 103 × n˜e (z̃/t̃)2 ,
where n˜e is ne in the unit of 1018 cm−3 , z̃ is the distance from the first foil in mm, and t̃ is t in ns.
The parameters  at different time assuming the electron density n˜e = 1 at the position of z = 2.3 mm
(at the center of two foils) are  = 210 at t = 10 ns,  = 52 at t = 20 ns, and  = 5.7 at t = 60 ns. The
results with and without the external magnetic field show the clear difference later in time (t > 20 ns) at
 < 50 especially with respect to the shock positions. Further analyses and measurements are required
to determine the plasma parameters.
The collisionality of two counter-streaming flows is estimated with the ion–ion mean–free–path
(MFP) ii using the Spitzer’s formula [9] as ii = 202 m2i u4i /(ni Z 4 e4 ln ), where ui is the relative
velocity of counter flows and ln  is the Coulomb logarithm. Assuming ne = 1018 cm−3 and the electron
temperature Te = 10 eV, ii = 19 mm at t = 10 ns and ii = 310 m at t = 30 ns. Later in time, the MFP
becomes small and comparable to the observed shock width (∼100 m) in the SG data; the Coulomb
collision is dominant for the shock formation later in time. On the other hand, collisionless shocks in
which the MFP is much larger than the shock width are clearly observed at t < 30 ns.
4. CONCLUSION
We have produced collisionless ES shocks in counter-streaming laser-produced plasmas in an external
magnetic field at t < 30 ns. The density jumps due to the collisionless shocks are clearly observed in
the SG as in Fig. 2. Comparing the results with and without the external magnetic field, the effect of the
magnetic field on the shock formation is observed later in time t > 20 ns with 6 <  < 50.
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