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ChallengingeBdsiecSeience in
Labotaiony Astrophysics

1. Test bed for Numerical Astrophysics

2. New Finding of Physics not Expected
3. Provide Challenging Plasma Physics
4. Prediction of Astrophysical Phenomenga
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1. Hydrad{ynamiccl hstabilityfy
and TurbulentiMixingg

1. Test bed for Numerical Astrophysics

2. New Finding of Physics not Expected

3. Provide Challenging Plasma Physics

4. Prediction of Astrophysical
Phenomena

1.To Validate and Verify Physics Models and
Codes through Comparison with Model
Experiments in Laboratory.

Example (1): Mixing in Supernova Explosion
(B. Remington et al)

Supernova 1987A Nova experiment

45 ns 35ns |

3x 1‘2 |

PROMETIUS Code for Astrophysics Laser Experiment (Courtesy Kim Budil)
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2. Photo - 1onized Plasma

1. Test bed for Numerical Astrophysics

2. New Finding of Physics not Expected

3. Provide Challenging Plasma Physics

4. Prediction of Astrophysical
Phenomena

X-ray fienm Companion Star of Cyg X-3

Photo-ionization by
X-rays from BH

Chandra
Observation

wovelength (4)
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The origin of x ~ -ray emission near blackhole can be
studied by using the implosion x -ray source.

Binary system Laboratory expriment

Implosion plasma

/ Blackhole \mimiekinglblackhole and agcretion disk
< Accretion disc S : e arehie

Q = Xray source : = schpn_pIgsma
| - mimicking

accretion flow

Accretion fl0

Companion star

S. Fujioka,H. Takabe et al.,
NaturePhysics, 5, 11, pp 821825 (2009)
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High- Mach Number
Collisionless Shock Formation
and Origin of Cosmic - Rays

1. Test bed for Numerical Astrophysics
2. New Finding of Physics not Expected
3. Provide Challenging Plasma Physics
4. Predict Astrophysical Phenomena

12




Flux (m® sr s Gev)™

=]
=

=]
[

..
)

-

10

10

A

—10
10

—13
10

—18
10

10

10—22

=25
10

=28
10

What is CosmicRay?
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Young Supernova Remnants
(Cosmic Accelerators )

Cas A (AD1680) Kepler(AD1604) — 8
. e, 1 pc =3x10%m
o - = 3.3ly

«—>
0.7pc

SN100§AD1006)

A. Bambaet al.
2003 2005ApJ

SNR is Acgéleratoriin Urniverse

Relativistic Syclotoron Emission

hv,.. = 2 keV (1;?) {mf:ev):

Shock Thickness (Observation

Wy =1 10Ycm (=1/400 )

N N T T T T | T T T T
| upstream ’ downstream

SN1006 NE shell

effective exposure : 68 ks

0.3 2.0 keV
Chandra 2.0-10.0 keV

(Bamba, Yamazaki et al. 2003)




Laser Experiment onAstro-
Shock and CosmieRays
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Chandra X-Ray Satellite

Two Different Types of Shacks

Hydrodynamic Shock Plasma Shock
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2012/3/15



2012/3/15

Diffusive Shedk Acceéleration

(Fermi Acceleration)

T. Terasawa / Science and Technology of Advanced Materials 2 (2001) 461-472
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— ' flow
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pstream MHD waves =03 %
= e S
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Fig. 4. An illustration of the diffusive shock acceleration process (courtesy by M. Scholer).

Widely Accepted im Astrophysies
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NONRELATIVISTIC COLLISIONLESS SHOCK

UNMAGNETIZED ELECTRON PLASMAS

Tsunehiko N. Kato and Hideaki Takabe
Astrophysical Journ&81, L93,L96, Jul 2008
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Formation
and Profiles
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Current filaments generates strong magnetic fields
within the transition region
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Fig. (A) shows that a large fraction of electrons have been accelerateditoelocity
in the shock transition region. However, theceleration mechanisis not very cleait
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How to make such counter streaming ultra
high speed plasmas

Cosmicrays

A: Ablation
B: Shocks

How are collisionless shocks formed?

I Collisionless plasma flows l

" —e @ — Wy

lons pass through without creating a shock
| Clean interpenetration l

Coulomb mean free path is large

[ Collisionless shock forming plasma flows | Weibel Collisionless
filamentation shock forms

» Localized current filamentation forms via plasma instabilities

« Current filamentation generates localized magnetic field

+ Magnetic fields exert the Lorenz force F=q (vxB), on ions

« The ion trajectories in the interpenetrating flows are sufficiently interrupted
(localized) that a shock is formed
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Gekko X1 asevelraEiitylatylld, ILE,
Osaka Whiversityry

ES collisionlessshock expetimentiusing(GXIl laser

PRL 106, 175002 (2011) PHYSICAL REVIEW LETTERS pyock ending

Time Evolution of Collisionless Shock in Counterstreaming Laser-Produced Plasmas

Y. Kuramitsu,** Y. Sakawa,' T. Morita,” C.D. Gregory,® J.N. Waugh," S. Dono,” H. Aoki,? H. Tanji,” M. Koenig,* 60 w.CH planc
N. Woolsey," and H. Takabe'
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PHYSICS OF PLASMAS 17, 122702 (2010)

Collisionless shock generation in high-speed counterstreaming plasma
flows by a high-power laser

T. Moma aly, Sakawa Y Kuramltsu S Dono H. Aol-(l H. TanJl T. N. Kalo,2

Y. T.Li,* Y. Zhang,* X. Liu,* J. Y. Zhong,” H. Takabe, 2 and J. Zhang®

'Graduate School of Science, Osa.ﬂa University, 1-1 Machikane-yama, Toyenaka, Osaka 560-0043, Japan
jnmmrs of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
“Graduate School of Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
488[]:}13 National Laboratory for Condensed Matter Physics, Institute of Physics,

Cirmzse Academy of Sciences, Beijing 100190, China
Hm National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China

Sirang!im Jiao Tong University, Shanghai 200240, China
(Received 11 October 2010; accepted 15 November 2010; published online 1 December 2010)

The experimental demonstration of the formation of a strong electrostatic (ES) collisionless shock
has been carried out with high-speed counterstreaming plasmas, produced by a high-power laser
irradiation, without external magnetic field. The nearly four times density jump observed in the
experiment shows a high Mach-number shock. This large density jump is attributed to the
compression of the downstream plasma by momentum transfer by ion reflection of the upstream
plasma. Particle-in-cell (PIC) simulation shows the production of a collisionless high Mach-number
ES shock with counterstreaming interaction of two plasma slabs with different temperatures and
densities, as pointed out by Sorasio ef al. [Phys. Rev. Lett. 96, 045005 (2006)]. It is speculated that
the shock discontinuity is balanced with the momentum of incoming and reflected ions and the
predominant pressure of the electrons in the downstream with PIC simulation. © 2010 American

Institute of Physics. [doiz10.1063/1.3524269]
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PHYSICS OF PLASMAS 17, 122702 (2010)

Collisionless shock generation in high-speed counterstreaming plasma
flows by a high-power laser

T. Monta 1Ay, Sakawa Y Kuramlisu S Donc H Aokl H. Tanjl T. N. Kalo,2

Y T. Li,* Y Zhang X. Liu,* J. Y. Zhong H. Takabe andJ Zhang

7Gmdm.re School of Science, Osaka University, 1-1 Mm:h;kﬂne -yama, Toyonaka, Osaka 560-0043, Japan
!rrsnmre of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
Graduare School of Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 563-0871, Japan
Bsgmg National Laboratory for Condensed Maiter Physics, Institute of Physics,

C‘hrriﬂe Acadenmy of Sciences, Beijing 100190, China
wa National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China

Sfmngﬁm Jiao Tong University, Shanghai 200240, China
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We Need NIF to Demonstrate Universality

1. Shock width

1 A
AX=02cm X — |—
Z_ Ingg

2. Coulomb mearree-path

1 A? Vl'f 5mm
l= =20cm X - —
naynA Z* 1,y

3. Energy of countestreaming plasma

N,=n/1C%nt3

- \/2| 3
E = ZmnViL Vg=V/108%cm/s

= 70kJ

33

H. Takabe et al., Plasma Physics and Controlled Fusi@a24057 (2008)‘

NIF

Studying astrophysical collisionless shocks with

high power laser experiments

Presentation to
International Fusion Sciences and Applications
Sep 12-16, 2011
Bordeaux-Lac, France

™ Lawrence Livermore Hye-Sook Park w PRINCETON
National Laboratory (on behalf of ACSEL collaboration) UNIVERSLIY
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OMEGA lLaser at U of Rochester,
NY, USA
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Abstract

We present progress in the use of proton imaging to study electric
and magnetic fields that are relevant for collisionless shock forma-
tion in experiments at the OMEGA & OMEGA EP laser facilities.
Collisionless shocks are important for understanding cosmic mag-
netic field generation and ultra high-energy cosmic ray acceleration.

We use lasers to model astrophysical plasma flows
SN 1006 (NASA) - Shocks & filaments Laser produced plasmas

~

\ : e

A T =

/l\__ ,

T -
) *\\.:_ B : y

=

: % > - 1
Universe Micro-physics OMEGA & EP expts.

Collisionless shock formation parameters

Collisionless growth scales  {* < ling <K Amfp Collisional MFP
+ _ Vflow C Interaction A Viiow
Wpi  Wpi length Z* n,
n (cm®) wi v, (cm/s) Amfp € [ Amip
pi

1 2x10" cm 3x108 4x10" em 2
(42 light years)
V.
- 1018 100 pm 1x10° 1.5 mm 5

D. Ryutov, 2010; Cassam et al, ApJ 680 1180 (2008); Bamba et al, ApJ 589, 827 (2003)
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_NIF
We are now conducting preparatory experiments on -
OMEGA through the LBS and NLUF programs

OMEGA and EP LBS and NLUF experiments are aimed at
understanding the counterstreaming plasma properties and developing
diagnostics

OMEGA target
. / chamber

OMEGA EP
— target
chamber

omeGA Laser B2V / X Main
Compression iiflers
chamber e

O
\ m amplifiers
- OMEGA-60
— 60 beams Lnser By
: gon:( ‘cjii'an::rget *OMERA-LR
chavibe — 4 beams (2 can be short pulse)

— 1 kJ/beam short pulse (10)
— ~2 kJ/beam long pulse (3a)

How are collisionless shocks formed?

| Collisionless plasma flows |

g“”’@........ ...:.;*‘-'. . ) [

lons pass through without creating a shock

Coulomb mean free path is large

| Clean interpenetration |

| Collisionless shock forming plasma flows ‘ Weibel Collisionless
filamen&'ition shock forms

+ Localized current filamentation forms via plasma instabilities
+ Current filan ion generates | lized r ic field

Magnetic fields exert the Lorenz force F=q (vxB}, on ions
The ion trajectories in the interpenetrating flows are sufficiently interrupted
(localized) that a shock is formed

2012/3/15
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ThomsonssSeatierip @ RDiagnastics

We create a high velocity plasma flow by irradiating a CH, H
foil target with 10 beams from the Omega Laser

2w Thomson Scattering data provides
n, T, T, v measurements

Timing
== 8ns Thomson scattering
looks at plasma waves
wl T 7ns along the k-vector (k,)
5| §| 1 ens CH,F-=
gl @ 1
e ——
g 8 S5ns 2mm b
o| ®
al €| 4ns u
& mm
‘ = 3ns Thomson Scattering
Volume
— T 2ns
= 1ns
q == Ons

2012/3/15
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Collection Thomson scattering from ion-acoustic and
electron-plasma waves is used to measure the plasma conditions

Thomson scattering is the scattering of an electromagnetic wave by free electrons.

Intensity
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Laser (&)
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> |I e
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k e Tk k
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B Z
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L L
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_NIF
Our OMEGA experiments study the plasma conditions of -

single and double flows

Experimental results

2o Thomson Scattering data provides
n, T, T, Vv, vy, measurements

Heater Beams

/ K,
ki
,ﬁqm .
TS volume

10 beams per foil
(~6 kJ per target,
8x10' W/iem?)

Thomson Volume

e

CH Foil

<-4 mm

2o Probe
Beam

$62465 Data from 6/1/11

6.0
ron Feature
— 5.8 T
n
&
g 5.6
E

lon Featu

562466

20 10 0.0
Wavelength (nm)

470 520 580
Wavelength (nm)

Electron feature fit
T,=100eV
n, = 6.6x10" em

o !

L. Wi

427 477 527 677 627
Wavelength (nm)

Intensity (arb. Units)

5.4 { i
5.2 ? i
5.0 ‘
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ALl

An increased Hydrogen percentage is measured in the
Thomson scattering volume at early times

The ion feature can be used to measure The electron temperature and density
the ion species fraction and ion are measured using the electron
temperature feature
g ; 1t=3.0ns
Sost g
£o6 |C/H ~0.08 m
Zoar - 8 O4carbon Traction 7] 8
2 T=60eV|| B i e &
E 0.2+ B E 0.3L ne T 1 s
0 L - . L el 5
523 5235 524 524.5 525 5 + 1 g i 2
Wavelength {nm) 2 g2l . - '\ L 4@
. & I Y -— -
s 1] sl <
g’ lt=gons || < 2 i 13%
= = 0. o [ oegeh b =
Sos| ] g 01 F LR PR
o - w0 -3
§os| 1CH=033]| =, o q§
204 ] = 02 3 4T_5 6 7 8 9 b
£ 02 T, =30eV ime (ns)
E 0
525 5255 526 526.5 527
D — Wavelength (nm) H r—)

Our OMEGA experiments study the plasma conditions of
double flows using a two foil configuration

ALl

Heater beams are on for 1 ns and deliver 5 kJ to each target

Heater Beams

- Probe Beam

=

Drive Beams

8ns
7ns
6 ns

CH, Foil
5ns — plasma\*

®

4 ns :
3ns
2ns
1ns

0ns

Drive Beams

2012/3/15
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Interesting observables are measured from the
double flow experiments

= Velocity slows down when two flows intercept
*Note: W(elV)~5x10" A4, [v(cm/ s)

T o} |
c !
= % Sp— «“Missing energy”?
>
§ oof A0 g ‘{ = Te and Ti considerably higher on double flows
° -
R -~ lon slowing-down by ‘resting’ electron gas and small
2 angle scattering may explain our observations

1.00) w o
= Iy " - &0—‘%‘”
> % ;
£ siop T} Wy L] electrons
i)

lon-ion collisional slowing- Heating from small-
oorl : - + . down characteristic length scattering
s A2 [v(em/ )] A
2L o ey 4 ANELLE R | I L~ N

- - Ay ~ 561070 25 n.om) S T, =1keV
s A, ~10mm @ 5Sns
g" 0.10] B T 372 l, ~0.9mm
£ ‘?j" G 4 Aw ~ “"HZ(;T) W ~ 60keV (@ ~10°cm/ s)

001 Ly Ag, ~Smm

2 “ 6 8 10
Time (ns)

(D. Ryutov, R. Berger, 2011)

Omega experimental results show the first quantitative
measurements of high-velocity interpenetrating plasma flows

NI}

]
o

0
E
(2]
"“‘c_! 15+ +— Hydra Simul3tion®
td
210r T
S =
k-1 A -
£ 5r Double foil —_
3
T 034567
Time (ns)
lon Temperature
L T
1.5 -
3
s .
2 1 il L
= : I i
05l |
-
0
2 3 45672829
Time (ns)

Flow Velocity

& Singlefoil |y

14

Electron Density

n (x10" em™)

1.2

3456789

Time (ns)

Electron Temperature

1
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Considerably higher T, is observed from double foils,

electron heating due to electron-ion drag is considered

A drastic increase in the electron
temperature is observed in the double
foil geometry

Initial electron heating is dominated by
electron-ion drag

Predicted electron heating due to drag

1.2
11
—~ 0.8
>
E 0.6 Double Foil ]
- 0.4} v
0.2[ % single Foll g
oLt
2 3 4567829
Time (ns)
Single Foil Double Foil

= e

Force acting on electrons from beam 1:

u —u
f—an {;—H)—mnv“) (7’}
‘ n,L+n,j

The heating rate:

3 . .
5»:{,1‘,_ =fow+foou,  n=Z(n,+n,,)

3., . ;
Ef?L,Lf:_,:Z N (1, —u) =0

Canonical electrical resistivity:

", [ Vi "’J Heat conduction is
= _7 not included in this
en, simple model

Single flow Thomson scattering data is used to see if

our plasma state can create collisionless shocks

We need the condition: PIC simulation suggests that the
= ™ v £% << Ly <<Apyp tO Create shock was beginning to from but
£ = N collisionless shock not fully developed
-
> - lon density

1000.00 1
o Aty
5 N N. ’g 10000 e p
;-_° . E L] 2 rEs
* )/%\m B of Len300%(ciw,)
-k §
S
N T olor clw, 1
ool TTTmegeeeen Nl b
%‘ o \y 2 3 4 5 7 )
x| Time (ns)
-
£*< A'mfp

= T; e~
% ion int
S [ w—a lf:l:talt::‘llty rleetr_lgtlh scalelsa,t T
= " m theoretical speculations. Tt

(Ved » A.A. & Ryutov, D.D., Rev, Ft::lz fzn_ned shock require ~10x more
T || Plasmas Phys1975; Spitkovsky, A., ApJ, OCenEty
Time (ns) 2005)
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Proton BacKlighting Diagnasiies

High power laser experiments can study collisionless
shock relevant micro-physics in the laboratory

OMEGA EP Two each of the following:
Experiment a) 351 nm 3 ns laser, 2200 J
100 um spot, 9 x 10" W/cm?

b) Plasma ablation source
2 mm diameter CH, plastic
c) 1053 nm 10 ps laser, 250 J
40 pm spot, 2 x 10" W/icm?
d) Proton source
50 pm thick Au disk
€) Proton source shields
3 pm thick Al foil on an Al
washer (2.7 mm ID)
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We use proton radiography / deflectometry to image
shock formation and to measure magnetic fields

) |
¢+ ¥
CH, Plasma

CH, Plasma

- 10151 2 10148 10150

EP experiment on Aug 30, 2011

= Proton radiography time sequence
shows eventual self-organization of
the counterstreaming plasmas

= Large bubble features may be from
laser ablative RT instability growth
or MHD instability

= Planar features from electron
temperature gradient

= Striation features may be from
electrostatic field generation

We collected very interesting proton radiography data
Early turbulence and striations self-organize horizontally with time.

22ns

W

Striations 10151
52ns
\
10448 10150
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Images of single & counterstreaming plasmas flows
7 MeV proton imaging at 5 ns shows a dramatic difference (joint shot)
Counterstreaming

Circular flows +B_, (1T) l Filamentary @
turbulence

r

One plasma

Simulated proton image (turbulent field Ansatz)

Divergent 10 MeV  Turbulent potential; Proton image with caustics
proton beam B,=40T

7
Sigird

Gaussian-colored turbulence

Proton motion was traced using the LSP (PIC) code in 3D. We see that
soft turbulent objects generate sharp caustics in the proton image.
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