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大型レーザーで宇宙の謎を実験室で研究する：
レーザー宇宙物理学

講演者：坂和洋一（レーザー科学研究所）

【講演要旨】 我々は、大阪大学の激光XII号をはじめ、世界各
国の大型レーザーを用いて、宇宙で観測されているプラズマ物
理現象の素過程を実験室で解明しようという、「レーザー宇宙
物理学」の研究を行っています。その1つのテーマとして、超新
星残骸や地球磁気圏で観測されている、粒子間のクーロン衝
突がほとんど無視できる無衝突プラズマ中での衝撃波、「無衝
突衝撃波」に関する研究を行っています。 「無衝突衝撃波」は

高エネルギーの荷電粒子である宇宙線の生成に重要な役割り
を果たしていると考えられています。 LETTERSNATURE PHYSICS

midplane. During the same time, the plasma electrons are heated in 
this region to 3 keV. Measurements of the X-ray self-emission from 
the plasma confirm that when the two flows interact, a strongly 
compressed and heated zone is formed, consistent with the OTS 
data, with a transverse radius of ~0.5 cm (Fig. 1c, Extended Data 
Fig. 1 and Supplementary Table 1).

The measured density compression demonstrates the formation 
of high-Mach-number collisionless shocks, for which the hydro-
dynamic jump conditions predict a compression factor23n2/n1 ≈ 4, 
consistent with our observations (n2 and n1 are the downstream and 
upstream densities). Note that if the two flows would freely inter-
penetrate, the resulting density would simply double. The velocity 
of the laser-produced plasma flows at the midplane distance is given 
by the self-similar expansion theory24, vflow = cS1 + Lsystem/(2t) ≈ 200 
+ 12,500/t [ns] km s−1, as verified in previous experiments14, with t 
being the time from the laser irradiation and cS1 the upstream sound 
speed. At t ≈ 8 ns, when the shock compression is observed, the 
unperturbed flow velocity is vflow ≈ 1,800 km s−1, corresponding to a 
ion–ion collisional mean free path25 Lm.f.p. ~ 80 cm, which is much 
larger than our system, clearly indicating that the shock is collision-
less (see Supplementary Information for detailed discussion on col-
lisionality). The magnetic field carried by the laser-produced plasma 
flows is very weak (~20 kG) and from the measured plasma param-
eters, we infer that the shock sonic and Alfvén Mach numbers are 

MS ≈ 12 and MA ≈ 400, respectively (Supplementary Information). 
Our experiments thus probe shock conditions relevant to young 
SNRs (for example, Tycho, SN 1006 and Cas A), with typical shock 
velocities of a few thousand kilometres per second and MA ≫ 10, as 
illustrated in Table 1, for which shock formation must be mediated 
by electromagnetic fields produced during the interpenetration of 
the plasma flows.

The formation of collisionless shocks in the weakly magne-
tized regime of our experiments is mediated by the Weibel insta-
bility26,27. This is confirmed by large-scale two-dimensional (2D) 
and three-dimensional (3D) particle-in-cell (PIC) simulations 
of the interaction of the flows for our experimental conditions 
(Methods), as illustrated in Fig. 3. The ion Weibel instability grows 
due to the velocity anisotropy of the counterstreaming flows, 
producing flow-aligned filamentary currents in the plasma 
threaded by magnetic fields. At the beginning of the interaction 
(t ≈ 6 ns, vflow ≈ 2,200 km s−1), the instability growth time is τW ≈ c/
(vflowωpi) ≈ 0.02 ns, where ωpi ¼ ð4πniZ2e2=miÞ

1=2

I
 is the ion plasma 

frequency, Ze is the ion charge, mi is the ion mass and c is the speed 
of light. Within just 0.2 ns, this instability produces filamentary 
magnetic fields that reach 1 MG, with a transverse wavelength of 
50 μm (about ion skin depth c/ωpi, as expected from linear theory). 
Such strong fields correspond to ~1% of the flow kinetic energy  
(Fig. 3c). This is consistent with the basic scaling laws21 for the  
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Fig. 1 | Laser-driven collisionless shock experiments. a, Sketch of the experimental setup with shock density structure (in blue) obtained from numerical 
simulation. b, Thomson scattering data provide measurement of the electron density and temperature at the central region (marked by red dot in a) for 
a single flow (top) and two colliding flows (bottom). c, Comparison of the X-ray self-emission from the plasma between a single flow (top) and colliding 
flows (bottom) indicates strong compression and heating of the shocked plasma. d, Spectrometer measurements of fast electrons (>30!keV) produced in 
a single flow (top) and two colliding flows (bottom) demonstrate acceleration of electrons to relativistic energies.
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NIF Laser (USA)講演では、このようなレーザー
宇宙物理の詳細を紹介します。

右図：世界最大のレーザーNIFを用いた
無衝突衝撃波実験の概略。
[Fiuza, et al., Nature Phys. 16, 916
(2020)]


