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Experimental parameters

Parameters of unshocked plasma:
n.~n;~10%cm>, T.~T.~100eV, B~1T

=> plasma parameter: n.Ap.> ~ 4 x 107 (< n12 732
electron skin depth: c¢/@,. ~ 10~ mm (x n'?)
plasma beta: f~ 40 («xn T B?)
freq. ratio: ,./w.. ~3 x 10% («xn'? B)
Alfven velocity: vy~ 2 x 10°cm/s (x n”'? B)
sound velocity: ¢, ~ 107cm/s (e T; 1?)
gyro radius of thermal e’s : 7, .~ 107 mm (x T2 B)
gyro radius of thermal ions: r,; ~ | mm (x ;' B

=> For M~10 (vg~ 108cm/s, Ms~50),
downstream temp.(simply by RH): Ty~ 32 T,~ 3 keV

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



Ion mean free path for Coulomb collision:
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Clusters 103 108
SNRs 1 104
SW (TS) 10~3 10°
SW (1 AU) 10 10°
Laboratories 1017 105

108
108
108
108
108

1 10%° 10%  10*2
10 1019 1016 1019
0.1 105 10° 1022
10 1012 108 10
< 1010 1 10-3 102

101(] 109 102
10? 107 10?2
101() 109 102
10? 107 10?2
>1 101 > 102

B Ma Ms Mgy
102 10 1 102
1 108 102 1

1 10 10 1

1 102 10 1
<1 10 10 1

Mo < Ms < Ma
Li < rgi < Aig

DNTIZ EDFZEEH. TFXT B~0(1).

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

L;: 10on skin depth,

g,

: 10n gyro radius,

A;; - 1on 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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shock contact shock

* are, 1n 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?
--- 10n 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 (M4, M,, M,))
--- plasma S
--- shock angle
--- lonization 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.



PIC simulation for low-M shocks

C{)Clt:36 a)cit=5.0 G)Citzll ) Umeda, RY_I_ 12, 14:
2D PIC simulations of perp. shocks

" in-plane, perp. B-field
" upstream parameters:
=032, M,~6
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PIC simulation for low-M shocks

Yamazaki +2019 :

2D PIC simulations, Run D: M, = 4.6, beta = 0.08

By/ByOl 1:-/111
0O 1 2 3 4 5 6 0 40 80 120

1

8 10 12 14 16 18 20 22 8 10 12 14 16 18 20 22
x/1 x/ 1

FIG. 1. Spatiotemporal diagram of the y-component of magnetic field B, and ion
perpendicular temperature T;, for Run D. Both By and T;, are averaged over the
y direction. Initial unphysical discontinuity is located at x = 16/;4.

FootCTi,perp Bx Xo
Overshoot CTi,perpf& /]y

1 1 1 1 1 1

10 12 14 16 18 20

FIG. 2. Spatial profile of ion perpendicular temperature averaged over the y direc-
tion T;, (thick solid curve) and the y-component of the magnetic field averaged
over the y direction By (dotted curve) at wg1f = 9.96 of Run D.



PIC simulation for low-M shocks

Yamazaki +2019 : 2D PIC simulations, 6 runs

100 } 1

/'T;

max
Ti, perp

10 100
2
My By

FIG. 3. lon perpendicular temperature T;7** as a function of M21p4. Triangles rep-
resent (T;1**)/ Ti1, while error bars indicate the maximum and minimum values of
T71* [ Ti1, which are given in Table |. All the values are obtained for 7 < w1t < 12.

The dotted line represents best-fitted linear relation, 77 /T;; = 0.48 x M A2/P1.



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)

* C(Collisionless shocks in unmagnetized plasmas: w/o external B.
--- Kuramitsu et al. (2011) with GXII: electrostatic shocks.
--- Sakawa et al. (2019) with NIF: “Weibel” shocks.

» (ollisionless 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

--- Schaefter et al. (2017, 2019) with OMEGA: M, > ~10

Our advantage over previous works:

* simultaneous measurements of density and temperature across
the shock via collective Thomson scattering, as well as B-field.

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



Previous shock experiments

* Many collisional shock generation (many authors)

* C(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.

(a) -2

60 n CH plane

Plasma ionized by radiation
and scattered light

y [mm]

60 pn CH plane

®) -
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 t = 25 ns

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

» (ollisionless shocks in magnetized plasmas: w/ external B.
--- Paul et al. (1965) via Z-pinch: M, <10.
--- Mortita et al. (2013) with GekkoXII: M ,~ 1.
--- Niemann et al. (2014) with UCLA/LAPD: M < 2.
--- Schaeffer et al. (2017) with OMEGA: M, .~12.

80
(a) (b) -0 Shock positions
by shadowgra phx‘
3 5
g e 60 £
first foil N
46m 50 : (l}' .
Sl, SOP £.40
‘ >
[ - d .
HIPER lase first foil : 30 O -
second foil
20 ){f \
. ~
Figure 1. (a) The schematic view of the target. The first foil is irradiated by three beams to produce counter- 1 O E j:l" . Bext 1OT
streaming plasmas between two foils. (b) The top view of the target. The plasmas are diagnosed by the SG, GOI, E ;—L . B - 0
SI, and SOP from the direction perpendicular to the plasma expansion. ns Pext T
0

Morita et al. (2013) z [mm]



Previous shock experiments

» (ollisionless shocks in magnetized plasmas: w/ external B.
--- Paul et al. (1965) via Z-pinch: M, <10.
--- Mortita et al. (2013) with GekkoXII: M ,~ 1.
--- Niemann et al. (2014) with UCLA/LAPD: M < 2.
--- Schaeffer et al. (2017) with OMEGA: M, .~12.

BaO-NI Laser anode (a)
cathode target grid
B-field coils

0 1 2 3 4

(@

I" ________ — 40
1B et | Ao T m———e iy
' T
: \ \) drive :
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: C,H, target :
' l
: I
| { — 30 :
' y | = .
| = | o A D
: i3 i, robes : > . 1
- % | ’ !
I A I T
L 7B B-field | ’ . 06 08 10 12 1.4
_______________ (fll_s- r— : % time (us)
—————— 20 1 X (p#
Figure 1. Schematic of (a) the LAPD and (b) the laser-target and 60 80 00 120
diagnostics configuration. y cavity 0.3 us : !
Ly 1 rs o \
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 | IB/BO X 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 o x (em)

Niemann et al. (2014), GRL ~ °° 05 mews O 15



Previous shock experiments

» (Collisionless shocks in magnetized plasmas: w/ external B.
--- Paul et al. (1965) via Z-pinch: M, <10.
--- 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.

Drive Lasers

Current-
Carrying
Cu Wires

Piston
Plumes

CH Ambient Target

Schaeffer et al. (2017), PRL
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CH Piston ' rJ]rrrrJrr1
Z L .
.S —Data
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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. For each, 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),
inset] Raw shadowgraphy signal (black) and reconstructed relative density (green) profile at 2.35 ns. [(b), inset] Direct comparison of the
raw AFR signal (black) and corresponding synthetic simulation signal (red) at 2.85 ns. Forboth, the signals have been reduced to binary for
simplicity. In all plots, the plasma moves toward x = 0.



Experimental setup

(a)

Laser |
[ magnetized

plasma

(a) Magnetic field (solid arrows) 1s supplied around a plane target,
and the target 1s 1rradiated by high-energy laser.

(b) The target ejects plasma and 1onizing photons. Gas 1s ionized
and simultaneously magnetized. Target plasma pushes
magnetized plasma (white arrows) to generate a collisionless
shock (dotted curve).

/
Al target



External magnetic field

*Edamoto et al. 2018, Rev. Sci. Instr.
Coils: inner diam.= 60 mm, outer diamm.=110 mm (separation = 25mm)
Capacitors:3000uF X 4 (max vol. =1.4kV) (=>1~4000A)
Imposed B-field: ~3.6 T, duration~100 ps.

HIPER
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Gregori et al. 12, Nature; Kugland et al. 12, Nature Phys.:
Ablation plasma (piston plasma) is magnetized via Biermann effect.

vTeOC_/f s vneOC—?:’
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plasma flow Y
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VT




Gregori et al. 12, Nature; Kugland et al. 12, Nature Phys.:
Ablation plasma (piston plasma) is magnetized via Biermann effect.

VTG&_/,%, Vne(x_é

B :

=) %—toc(VTeane)oc—cﬁ
T,

» B = Vb

~ 10T (- Va \7( o )7
103 eV / \ 10?2 km/s 1 mm

(T, : electron temp., Vj: flow velov., ¢ : focal spot size)
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1D 75 XAHFSal—3Y : Umeda et al (F19)

1D Particle In Cell (BRI F> I al—> g V)

Maxwell ’eq & AT &R FDEoMZ [RIFFICHEE <
WMEDBISBEEBAEITCTIACTOBRFOELEFART-,

E‘T ﬁ fkﬁﬁ% M 2R %
Al7 7 X< NS5 X2
B,=0T,10T By=0T,15T,3T,5T
m; /m_= 49572 m; /m.= 25704
T. =10 eV T. =30eV
n, =3.75X10%° /cc n, =1.5X10% /cc
v =500 km/s v =0km/s

ARAX MWDo, UT%ZRE,
FER C=3.0X10°cm/s (FRED 107D 1)
1 RITGREXCEE G Ly, Rk R %220, ETOYEBEIIEZEDOHICHKDS, )




1D PIC simulations : Umeda, RY+

Quantity Aluminum plasma Nitrogen plasma
Drift velocity V; [km/s] 500 0
Magnetic field Bo [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 fpe [Hz] || 5.51 x 10'® / 5.51 x 10'* | 1.1 x 10" / 1.1 x 10'?
Temperature Te [eV] 10 30
Thermal velocity V;. [km/s] 1,330 2,300
Debye length Ape [m] 3.71x107% /3.71 x 107%(3.32x 107% / 3.32 x 10”7
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 7. [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 Vi [km/s] 5.97 14.3
Debye length Ap; [m] 3.71x107? / 3.71 x 107®|3.32x 107% / 3.32 x 107
Inertial length d; [m] 6.23 x 107° 4.01 x 1074
Cyclotron frequency f.; [Hz| 5.08 x 107 1.63 x 10°
Thermal gyro radius r; [m] 1.87 x 107° 1.4x 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 10715
Number of grids N 120,000
Number of steps N; 6,000,000

Speed of light ¢ [km/s]

300,000 / 30,000
(laboratory) / (numerical)

(‘19)



For magnetized Al piston plasma: B(Al)=10T

Ambient: B(Nitrogen) =0 Ambient: B(Nitrogen) =0.5T
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Umeda, RY, et al. 2019, PoP



For un-magnetized Al piston plasma: B(Al)=0T

Ambient: B(Nitrogen) = 0 Ambient: B(Nitrogen) =0.5T

14.040 [nsec] <10° 14.040 [nsec]

. [km/s]

\Y
Xl

0 0.2 0.4 0.6 0.8
vg 12
o~ 9f ]
Ne % sf :
o 3T \ 1
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500 T T T T 500
400} . 400
Te 3 300} 1 3 300
}_o 200 A }_o 200 r
100 + A 100
0 1 1 . y O T
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X [cm]

Umeda, RY, et al. 2019, PoP



1-dim PIC Simulations

Al plasmas are injected at the left boundary into the Nitrogen plasmas initially at rest.
Behavior of the driven Nitrogen plasmas depend on ambient perpendicular magnetic field.

0T 10 460med 1.5 T 10% 146%0[nsec] 3 T 10 146%[sec) 5T

14.690 [nsed]

; [k /s

v
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(see Umeda et al. 2019, Phys. Plasmas)



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

BRXA X — 25
BEXX MY —275HA

#-5vt 2 U—L Rt
BESH R Y F9o7 750

R~ LY BEL
AFVERMY =25 BRE LY o 8E
75X EBTFIEA
SeeEt A u—*f\‘
A=532nm
74—
Fren— 9w
R LY E8EL R~ LY 8EL
FHUAL—Y— A4 #FIEEA

A=532nm i v
AStAR



Diagnostics
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Example of TS fitting

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

. Derived parameters:
stray light

3°°°;‘ n,=1.0x10%cm>
2500} To=94eV

g.zooo Ti =30eV

g0 /=32

g 1900 v.-v; = 150 km/s,

where we assumed
N-gas (5torr) 1s fully 1oni:

1000}

500f
1 % 1
531.6 531.8 532 532.2 532.4

Wavelength [nm]
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Summary

No external magnetic field case:
Density jump, which 1s detected by SOP, is not the shock front but
the electron MHD tangential discontinuity.

 External magnetic field cases (B = 3.6 T):
* We detected forming collisionless shocks with M ,~10
that propagates into magnetized plasma.

New experiments with B~3T will start in the next October!
Measure the temperature anisotropy!



