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Collisionless shocks are ubiquitous
Shocks

* are ubiquitous 1n various astrophysical, heliospheric, and laboratory plasmas.

* arise when two counter-streaming supersonic flows interact.
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* 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.
--- Detailed physical process of particle acceleration remains unknown.

* are, In most cases, magnetized:
--- shocks are propagating into magnetized plasma.
--- external magnetic field plays important roles.



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:

* upstream plasma is uniform at rest, and consists of single ion.

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

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



lon-scale structure of magnetized shock

For super-critical (M ,>3) shocks, incoming ions are reflected, making a
shock “foot” at which two stream instabilities occurs (start of the shock dissipation).
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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.
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(see Umeda et al. 2019, Phys. Plasmas)



Experimental setup

(a)

By=3.6T. (b)
N, (5 Torr) e

Laser:
3x1013W/cm?, -
2.8 kJ

(" magnetized
plasma

(a) Magnetic field (By=3.6 T: solid arrows) 1s applied around an Al
plane target, and the target 1s irradiated by high-power laser.
(b) The Al target ejects plasma and ionizing photons.
Ambient Nitrogen gas (5 Torr) is ionized and simultaneously
magnetized. Target Al plasma pushes magnetized N 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.=110 mm, 50 turns.
(separation = 25 mm)
Capacitors:3 mF X 8 (V =1.4kV)
Imposed B-field: ~3.6 T, duration~0.1 ms. View from y-axis

(self-emission measurements)

Drive
lasers

X




Before set into chamber

External magnetic field

*Edamoto et al. 2018, Rev. Sci. Instr.

Coils: inner diam.=110 mm, 50 turns.
(separation = 25 mm)

Capacitors:3 mF X 8 (V =1.4kV)

Imposed B-field: ~3.6 T, duration~0.1 ms.

Aftér-alignment in chamber
fview from a check camera)

B e
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Z I E THIIN T & 72 7R i AL D 285&

20174FE : B=0.5T (V=14kV,C=2.7nF x 24), 1 shot.

=S EHNa vy 7y yaR, HNEBE, a4 VS8 KE %)

AR RE L,
20184EFE : B=1.6T(V=04kV,C=3mF x4), 9 shots.
20194F : B=3.6T(V=14kV,C=3mF x8), 1 shot.

20204FF : B=29T(V=0.8kV,C=3mF x8), 8shots.
B=33T(V=1.6kV,C=3mFx38), 4shots.

20214E : B~5T22(V=1.6kV,C=3mF x 16), 2?22 shots.




Diagnostics

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

* Collective Thomson scattering: T, T;, n., Z, bulk flow velocity
" B-field measurements: B-dot w/ coil, (proton backlight)

" Particle measurements: w/ CR-39

* Others: shadowgraphy, interferometry

Drive lasers

T

Probe
laser

Top view (from z-axis)

B-dot, CR-39



Self emission imaging (B,,; =

t=15ns

Self emission imaging
(shot: t=0)
FoV: ~1.5cm .

t =26 ns

0)

t =20 ns

t =37 ns




Gregori et al. 12, Nature; Kugland et al. 12, Nature Phys.:
Ablation plasma (piston plasma) is magnetized via Biermann effect.
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Gregori et al. 12, Nature; Kugland et al. 12, Nature Phys.:
Ablation plasma (piston plasma) is magnetized via Biermann effect.
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(T, : electron temp., Vj: flow velov., ¢ : focal spot size)




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

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



RHEA

Self emission imaging (B,,; = 0)
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Self emission imaging (B,,; =

t=15ns

Self emission imaging
(shot: t=0)
FoV: ~1.5cm .

t =26 ns

0)

t =20 ns

t =37 ns




Self emission imaging (B,,; = 0)

t =15 ns t =20 ns

Self emission imaging
(shot: t=0)
FoV: ~1.5cm .

O :Tec.

1.4cm from target.
CTS measurement.

t =26 ns




Self emission imaging (B,,; =

Self emission imaging
(shot: t=0)
FoV: ~1.5cm .

O :Tec.

1.4cm from target.
CTS measurement.

t =26 ns

t=15ns

0)

Time from shot ¢ [ns]

Spatio-temporal
evolution along X’
(Streaked Optical
Pyrometry: SOP)
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Spatio-temporal evolusion of Self emission
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Combined w/ Thomson scattering measurement and 1D PIC simulations,
P1 & P2 (initial velocity, vy = 570 km/s)
=> head of Al piston (in elecfron scale).
R1 (B = 0) (initial velocity, vy = 1600 km/s)
=> Al plasma penetrating into N plasmas (showing collisionless ion interaction).
R2 (B =3.6T)
=> edge of “foot” of a magnetized collisionless shock in N plasma.



Spatially resolved Thomson scattering (TS)

Collective Thomson scattering (“ion” term):

* each electrons with velocity U produces
the scattered light with frequency shift :

—

Aw = U - k1aw , where kiaw = ks — ki .
* “collective” means

the resonance between IAW (=1on acoustic wave)
and incident laser light (along p-axis).
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Spatially resolved Thomson scattering (TS)

Collective Thomson scattering (“ion” term):

* each electrons with velocity U produces
the scattered light with frequency shift :

—

Aw = U - k1aw , where kiaw = ks — ki .

* “collective” means
the resonance between IAW (=1on acoustic wave) Obtained data
and incident laser light (along p-axis). (Incident YAG laser: 532nm)
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Spatially resolved Thomson scattering (TS)

Collective Thomson scattering (“ion” term):
* each electrons with velocity U produces
the scattered light with frequency shift :

—

Aw = U - k1aw , where kiaw = ks — ki .

* “collective” means
the resonance between IAW (=10on acoustic wave) Obtained data
(Incident YAG laser: 532nm)

and incident laser light (along p-axis).

TS spectrum at p =1 mm
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CTS spectrum fitting : B,,,=3.6T

Collective Thomson scattering (CTS) spectrum
at p =1 mm, 23 ns after shot (B.,,= 3.6 T).
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Fit w/ IAW resonance
and FLYCHK:

(collision-radiative equil.)

T.=0.16 keV

T,=0.21 keV
N.=7.4%10'8cm?
/=64

(=>N; = NJZ =1.2x 1018cm-3)
v = 400 km/s.

— High temperature
and N 1on compression
(x 3.6 ambient density).



TS spectra at TCC (p=0) for B,,.=0

(a)t=10ns (b)t=15ns
_ . IAW- 1200{ : IAW-
t=10ns: o ST t=15ns
(blue dashed line) 1000 | W Mask (blue/red around 532nm)
Static N plasma. 12501 Incident probe Static N plasma.
Double peak with small 3, 50! |aser: 532 nm 3 %0 Saft%%mkliz/nsem: Still double peaks.
Separation. = L ‘ ? Fit w/ IAW/FLYCHK:
Fit w/ IAW/FLYCHK: 2 750 g 0 Ti~2keV, Te = 98eV,
Te =Ti=9.3¢V, g 5 4g0] N2 % 1070m”. Ti=228 eV,
Ne =7 x 10"7cm?, £ 500 = Ne =2 x 108¢m?,
7 =4.2. 250 200 Z.=5.5.
Warmer component can 0 o => Plasma heating by
Also be seen. “R1” seen in SOP.
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t : time from shot [ns]

Identify the edge of foot: B,,.=3.6T
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(c-h) 1D PIC simulation
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(blue: Al, yellow N).

Al 10on phase-space plot.
(green curve:
| clectron bulk velocity)

N 10on phase-space plot
(green curve:
A clectron bulk velocity).

| Transverse B-field, By.

| Electron number density.

(Blue)
1 N electron temperature.
:« ) \,\_ﬁ__\\ (Red)
A = self-emission intensity.
Distance from target : X~ [cm]



Summary

No external magnetic field case (B, = 0 T):
Density jump, which 1s detected by SOP, 1s not the shock front but
the electron MHD tangential discontinuity.

 External magnetic field case (B. = 3.6 T):
* We detected an edge of shock “foot” in forming collisionless
shocks with My~ M,,~ 15, propagating into magnetized plasma
at rest.

Experimental data with B, ~3.3T (4 shots) being analyzed.
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