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Experimental parameters

Parameters of unshocked plasma:
n,~n ~108cm>, T.~T.~100eV, B~1T

=> plasma parameter: n.A,.°~4 x 10? (oc n12 732)
electron skin depth: c/w .~ 10~ mm (ec 12 )
plasma beta: 5~ 40 (ec n T B?)
freq. ratio: w . /@, ~ 3 x 10 (ec n'2 B1)
Alfven velocity: v, ~2 x 10°cm/s (< n''2 B')
sound velocity: ¢, ~ 107cm/s (ec T, 12)
gyro radius of thermal e’s : 7, .~ 102 mm (e 7,2 B)
gyro radius of thermal ions: r,; ~ 1 mm (ec T} B1)

=> For M~10 (v,~ 10%cm/s, M ,~50),
downstream temp.(simply by RH): T~ 32 T ~ 3 keV

=>required system size > lcm. or B>> 1T ?



Ion mean free path for Coulomb collision:

2.2
Aii = Tp sh
8mngZ4etIn A
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L—H—T5XIDER DI collisionless (shock) IDEZ :
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HRAIE ., B2 %%, Ki5E. EREDEHEKT.
K2 \yﬂtffa“ﬂi*iﬂ’h'::_zéd)j(/l\laa?l%(it nHELC:

no To Vsh By Lsys Aobs Aid Tg,i L Wpe / Wee o] M A M Mei
(em~3) (K) (ems™') (uG) (em) (em) (em) (em) (em)
Clusters 103 108 108 1 10%° 102 10%2 109 10 102 102 10 1 102
SNRs 1 104 108 10 1019 10 10'* 10 107 102 1 108 102 1
SW (TS) 10-3 10° 108 0.1 1015 10° 1022 10'° 10 102 1 10 10 1
SW (1 AU) 10 10° 108 10 1012 10° 109 107 107 102 1 102 10 1
Laboratories 107 10° 108 <1010 1 10-3 102 > 1 101 > 102 <1 10 10 1

Mo < Ms < My

Li < rgi < Aii

DWTIZ EDFTEH. TFXT B~0(1).

M, : electronic sonic Mach number,

M, : sonic Mach Number,
M, : Alfven Mach number,

L.: 10n skin depth,

g,

A‘ll

: 10n gyro radius,

: 10n Coulomb m.f.p.



Collisionless shocks are ubiquitous

Shocks

* are ubiquitous 1n various astrophysical, heliospheric, and laboratory plasmas.
--- examples will be shown later !

* arise when two counter-streaming supersonic flows interact.
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* are, in most cases, “collisionless” mainly because of low-density:
--- Coulomb mean-free-path 1s much larger than the system size.
--- Particle distribution NOT going to perfect Maxwelian.
--- Various components arise during dissipation process.

* consist of multi-scale physics:
--- electron/ion kinetic scales (<< size of objects) are important for dissipation.

--- all scales are nonlinearly coupled (e.g., Umeda, RY+11)



Unsolved problems on shock physics

* Dissipation mechanism of the collisionless shocks:
--- gas heating mechanism ? (T, T, just downstream ?)
--- energy partition among various components (e, 1, B, rela, waves, turb,...) ?

* Shock structure:
--- electron scale waves?
--- 1on scale: ripples, shock reformation?
--- back reactions of accelerated particles (=> shock modification) ?

* Injection to Fermi acceleration process:
--- particle acceleration is one of dissipation mechanisms !
--- injection rate?

All these processes may be coupled !

How do the above processes depend on upstream conditions ?
--- Mach numbers (M, M, M)
--- plasma f3
--- shock angle
--- 1onization fraction



PIC simulation for low-M shocks

Our simulation studies on electron acceleration.

Umeda, RY+ (2009) Matsukiyo, Umeda, RY + (2012)
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by shock ripple. in high-beta case, seen in cluster shocks.



Low-Mach-number shocks

Low-Mach-number shocks can be seen in
* solar-terrestrial shocks,
* old supernova remnants,
* largest-scale (> mega light years!) cluster shocks,

... they exist even young supernova remnant shocks (CR modified shocks).

Problems of low-Mach number shocks
* Does particle acceleration occur?
--- particle injection above “1% critical Alfven Mach number (~3)” ?
Shock structure drastically changes across M.
--- for supercritical shocks, incoming ions are reflected.
(=> wave excitation => particle scattering => acceleration?).
* Shock structure 1s nonstational ?
--- shock reformation, ripples
--- coupled with particle reflection process
* How the above processes depend on shock parameters (M, 3, @, ...)



Critical Mach numbers

15t Critical Mach number M .. :

crit °
No smooth transition if M, > M_,, (1-fluid MHD).
A part of incoming ions is reflected by shock electrostatic potential.

Whistler Critical Mach number MV _,, (Kennel et al. 1985) :
Whistler waves cannot propagate upstream if M, > MV .. (i+e 2-fluid system).

cri

costp, |m;
crit 2

MW

Me

3rd Critical Mach number M™ _. (Amano & Hoshino 2010)

Whistler waves, which scatter electrons leading to injection, are not damped
by electron cyclotron damping if M, > M

crit °
. cosp, |m;
Man — /86

crit 9
e

=> defining the critical Mach number for electron injection ? (Amano & Hoshino 10)



How to study (low-M) shocks?

* (1) Observations
--- remote sensing : e.g., cluster shocks by radio ~ X-ray ~ y-ray
--- in-situ : e.g., Earth’s bow shock

*(2-1) Theoretical works

--- radiation mechanisms => estimate the amount of nonthermal particles:

(e.g., electron injection rate by cluster optical inverse Compton (e.g., RY & Loebl5)
--- simple fluid approximation => energetics (e.g., Vink & RY 15)
--- linear analysis for kinetic processes => wave excitation mechanism

(2-2) Kinetic simulations

--- Particle-in-cell simulations: from electron to ion scale
--- Hybrid simulations: from 1on to fluid scales

--- reveal kinetic processes

* (3) Laboratory experiments : new, 3rd scientific tool !
--- in-situ generation of collisionless shocks
--- 1nitial, boundary conditions controlable (in principle)



Studies of collisionless shocks

Methods

Pros

Cons

Observations of
astrophysical objects

“In-situ” observations
by satellites

Simulations

Laboratory
Experiments

“see the whole system.
“see evolved (t—>o°).
“less boundary effects.

*rich observables (distribution

func./elemag fields).

“short cadence

*set initial and boundary

conditions.

“see all observables at arbitrary

place and epoch.

“set initial and boundary

conditions.

“see all observables at arbitrary

place and epoch.

Real parameters/physical

quantities.

- difficult to see time evolution.
“worse angular resolution.
“unable to directly measure

distribution functions, elemag
fields.

*M~10 : uncontrolable.
-only measurable at satellites.

“huge CPU time in 3D cases
unrealistic parameters.
"limited spatial and time scales

"|less people joining!
*limited spatial and times scales.
“methods unestablished.




Previous shock experiments

* Many collisional shock generation (many authors)

» Collisionless shocks in unmagnetized plasmas: w/o external B.
--- Kuramitsu et al. (2011) with GXII: electrostatic shocks.
--- Sakawa et al. (coming soon?) with NIF: “Weibel” shocks.

* Collisionless shocks in magnetized plasmas: w/ external B.
--- Paul et al. (1965) via Z-pinch: M, <10
--- Niemann et al. (2014) with UCLA/LAPD: M <2
--- Schaeffer et al. (2017) with M, ~10

Our advantage over previous works:

* simultaneous measurements of density and temperature across
the shock via collective Thomson scattering.

* simple setup to have supercritical magnetized shock: M ,>3



Previous shock experiments

e Many collisional shock generation (many authors)

» Collisionless shocks in unmagnetized plasmas: w/o external B.
--- Kuramitsu et al. (2011) with GXII: electrostatic shocks.
--- Sakawa et al. (coming soon?) with NIF: “Weibel” shocks.
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and scattered light
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FIG. 1 (color online). Schematic of the double-plane target.
The separation between two planes was 4.5 mm. The target
normal lies 30° from the laser axis. _

FIG. 4 (color online). (a) Self-emission snapshot at 1 = 25 ns 3

taken on the same shot as Fig. 2. (b) Shadowgraphy snapshot at
t = 25 ns taken on a different shot.

Kuramitsu et al. (2011), PRL




Previous shock experiments

* C(Collisionless shocks in magnetized plasmas: w/ external B.

--- Paul et al. (1965) via Z-pinch: M, <I10.
--- Morita et al. (2013) with GekkoXII: M~ 1.

--- Niemann et al. (2014) with UCLA/LAPD: M < 2.

--- Schaeffer et al. (2017) with OMEGA: M _ ~12.
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Figure 1. (a) The schematic view of the target. The first foil is irradiated by three beams to produce counter- 1 O

streaming 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.

Morita et al. (2013)
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Previous shock experiments

* C(Collisionless shocks in magnetized plasmas: w/ external B.
--- Paul et al. (1965) via Z-pinch: M, <I10.
--- Morita et al. (2013) with GekkoXII: M ,~ 1.
--- Niemann et al. (2014) with UCLA/LAPD: M ,< 2.
--- Schaeffer et al. (2017) with OMEGA: M ~12.
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diagnostics configuration.

Figure 2. (a) Magnetic stack plots of B, as a function of time for various

distances from the target. (b) Comparison of B,(t) at x = 35 cm with _ B/B 1 '
(black) and without (red) the ambient plasma. (c) Structure of the pulse - © 15 20 25 30 35 40 45
before (t = 0.3 ps) and after a shock is formed (t = 0.7 ps). 10 ! | x (cm)

Niemann et al. (2014), GRL ~ °° 05 imews C 15




Previous shock experiments

* C(Collisionless shocks in magnetized plasmas: w/ external B.
--- Paul et al. (1965) via Z-pinch: M , <I10.
--- Morita et al. (2013) with GekkoXII: M ,~ 1.
--- Niemann et al. (2014) with UCLA/LAPD: M < 2.
--- Schaeffer et al. (2017) with OMEGA: M ~12.
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FIG. 3. Evolution of line-integrated electron density profiles at (a) 2.35, (b) 2.85, and (c) 3.85 ns after laser ablation. Foreach, the density
profiles (black) were reconstructed by linearly interpolating between the gradient density values associated with each AFR band edge and,
in the regions of the density jumps, utilizing the shadowgraphy profiles. The constant density offset was estimated from simulations, and
the shaded band corresponds to the uncertainty in this offset. Also shown are the corresponding profiles from psc PIC simulations (red).
Additionally, in (c) the ambient (green) and piston (blue) contributions to the total electron density in the PIC simulations are shown. [(a),
SC h a e'ﬁ:e r et a | . ( 20 1 7) P R L inset] Raw shadowgraphy signal (black) and reconstructed relative density (green) profile at 2.35 ns. [(b), inset] Direct comparison of the

4 raw AFR signal (black) and corresponding synthetic simulation signal (red) at 2.85 ns. For both, the signals have been reduced to binary for
simplicity. In all plots, the plasma moves toward x = 0.
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Experimental setup
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Experimental setup

GXII HIPER lasers : 700 J/beam x 4, 1w (1053nm), 1.3ns width, 1.4~2 mm spots
Ambient gas : N, (5 torr)

Target: Al (2 mm thickness)

Helmholtz coils provide B~1.6 T at the target chamber center.

probe beam for TS
measurement

Al target

Coil HIPER laser



Shock dynamics
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Biermann battery

From Wikipedia, the free encyclopedia

In astrophysics, the Biermann battery is a process by which a weak seed magnetic field can be generated from zero
initial conditions.['! The relative motion between electrons and ions is driven by rotation. The process was discovered
by Ludwig Biermann in 1950.213]

A simple derivation of the effect starts with the momentum equation for the free electron fluid, keeping only the
electric field and pressure force:

dv -~ V
m, — = —eE — Pe .
dt Ne
For phenomena on sufficiently slow time scales, the left-hand side of the above equation can be neglected that leads

to the Ohm's law for the electric field:

— Vp.
E=_2P

ene
The other terms in the general Ohm's law are neglected here since they typically vanish for zero magnetic field and
do not spontaneously generate field. Inserting the above electric field into the Faraday's law gives an equation for the
magnetic field:
0B 1

ot~ en. VT, x Vn,

This shows that magnetic fields develop "spontaneously”, that is, from initially being zero, when there are non-parallel
gradients in electron temperature and density.




Gregori et al. 12, Nature; Kugland et al. 12, Nature Phys.:
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Gregori et al. 12, Nature; Kugland et al. 12, Nature Phys.:
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MHD shock tube
B2 ERIGEHY (1.5T)DIHE

1: 7ILETS5XY 2. BRITIRXVY
rhol =1.88 x 107{-4} g/cc rho2 =1.17 x 107{-5} g/cc
T1=10eV T2=30eV
B1=10T B2=15T
vl =500 km/s v2 =0 km/s
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MHD shock tube
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B1=10T B2=05T
vl =500 km/s v2 =0 km/s
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MHD shock tube
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BERE rhol = 1.88 x 107{-4} g/cc rho2 = 1.17 x 107{-5} g/cc
BE: T1=10eV T2=30eV
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1D PIC simulations

Quantity || Aluminum plasma Nitrogen plasma
Drift velocity V; [km/s] 500 0
Magnetic field By [T
Run 1 10.0 0.5
Run 2 10.0 0.0
Run 3 0 0.5
Run 4 0 0.0
Electrons
Density N, [cm™?] 3.75 x 10"? 1.5 x 10'®
Plasma frequency f,. [Hz] || 5.51 x 10'* / 551 x 10"* | 1.1 x 10" / 1.1 x 10*?
Temperature T, [eV] 10 30
Thermal velocity V;. [km/s] 1,330 2,300
Debye length Ape [m] 3.71x1077 /3.71 x 107%(3.32 x 107% / 3.32 x 1077
Inertial length d. [m)] 8.39 x 1077 4.33 x 107°
Cyclotron frequency f.. [Hz] 2.8 x 10" 1.4 x 10*°
Thermal gyro radius re [m] 7.55 x 1077 2.62 x 107°
Plasma beta 1.62 72.99
Ions
Charge number Z 9 3
Mass ratio m;/me 49572 25704
Density N; [em™3] 4.17 x 108 5.0 x 10'7
Plasma frequency fpi [Hz] || 7.43 x 10'" / 7.43 x 10"° | 1.19 x 10*" / 1.19 x 10*°
Temperature T, [eV] 10 30
Thermal velocity V;; [km/s] 5.97 14.3
Debye length Ap; [m] 3.71x107% /3.71 x 107%(3.32x 107® / 3.32 x 10"
Inertial length d; [m] 6.23 x 107° 4.01 x 107*
Cyclotron frequency f.; [Hz] 5.08 x 107 1.63 x 10°
Thermal gyro radius r; [m)] 1.87 x 1073 1.4 x 1073
Alfvén velocity Va [km/s] 19.99 4.11
Plasma beta 0.18 24.33
Grid spacing Az [m] 83x107°
Time step At [sec] 2.6 x 1071°
Number of grids N 120,000
Number of steps N; 6,000,000

Speed of light ¢ [km/s]

300,000 / 30,000
(laboratory) / (numerical)
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Umeda, RY, et jal. submitted
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Spatial profile of n./T."? at 14 ns after shot

3000 . - - - - ' ' ' ’; - Run 1:
n
Run2 By =10T
2000 | Run3| - By =05T
Rund
000 [ { Run 1:
W* eottuy ““3’/ | By=10T
) | | | | . | . | | By =0T
0 01 02 03 04 05 06 07 08 09 Run 1:
By=0T
By =0.5T
Run 1:
By=0T
By =0T

0 0.1 02z 03 04 05 06 07 08 09

Distance from target : x [cm]
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Diagnostics

*Self emission (optical; brems & lines): from high-T regions.

- Shadowgraph : tracing 2"¢ derivative of n,.

" Interferometry : tracing n,

" Collective Thomson scattering: T,, T, n_, Z, bulk flow velocity
" B-field measurements: B-dot w/ coil, proton backlight

Top-view

150 nm

Probe laser

homson Scattering

Gekko XII HIPER Laser o
(from Youichi Sakawa)
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Sarkisov (2017), PoP 24, 110701
Optical diagnostics of the exploding hydrated Pd wire with 20.3 um diameter and 5.2 mm length at 250 ns
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Preliminary results: B = 0

Thomson scattering ('TS) spectrum
at TCC (=1.4 cm from target), 17 ns after shot.

Intensity [a.u.]
N
o
o
Iol

stray light

AN

581 .6

| |
531.8 532 532.2 532.4
Wavelength [nm]

Derived parameters:
n, = 1.0x10"% cm™

T,=9%4 eV
T1:3O eV
/=372

v.-v. = 150 km/s,
where we assumed
N-gas (Storr) 1s fully
1onized.



