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The positron scaling indicates that ARC energy may 
provide very high positron yield 

We have been awarded NIF Discovery Science shot time using ARC  
– these questions will be answered soon. 

ARC energy results in high e+ yield 

ARC 

To determine the actual yield, we need: 
(1)  Laser intensity; 
(2)  Pulse contrast; 
(3)  Focal quality. 
 
 
Furthermore, ARC is unique relative to the 
Titan, Omega EP and Orion lasers: 
 

Titan parabola – f/3 
Omega EP – f/2 
Orion – f/3 
NIF ARC – f/60 

 
The long focal length parabola is favored 
by wake-field acceleration experiments; its 
effect to laser plasma interaction needs to 
be determined.  
 

3He3He protons 



Laboratory experiments provide a complimentary technique 
to investigate some astrophysical systems 

2 

Ø   High-power laser facilities provide a versatile environment to generate 
physical conditions similar to those in multiple astrophysical systems 

Ø   Laboratory results are directly scalable when similarity and geometric 
conditions hold between the two systems 

Ø   Experiments also allow for detailed benchmark comparisons with numerical 
calculations in relevant dynamic regimes 
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High-energy-density (HED) physics involves the study  
of systems having pressures > 1 Mbar 
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*Adapted from NRC committee on HEDP (2003) 
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Present-day laser facilities access a unique region 
in HED-relevant parameter space 
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Many experiments take place at the Omega Laser Facility 
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*Boehly, Optics Comm. 133 (1997) 

~240 feet 

target size ~1 mm 

•  60 laser beams  
•  30 kJ on target ~1 ns (~30 TW) 
•  flexible laser pulses and timing 
•  Shot cycle ~1/hr 
•  1-2% irradiation nonuniformity 



Next-gen experiments take place at the National Ignition Facility 
7 

*Miller, Nuclear Fusion 44 (2004) 

• 		192	laser	beams	delivering	~1.8	MJ	on	target	
• 	Indirect	drive	or	direct	drive	
• 	flexible	laser	pulses	up	to	~20	ns	dura?on	
• 	shot	cycle	(~1-3)	depends	on	laser	energy	
• 	vacuum	chamber	diameter	~10	m	

Cryogenic Hohlraum 
(length ~ 9 mm)  
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Inertial fusion utilizes high-power lasers to implode a capsule of 
DT fuel to ρ~1000 g/cc and T~5 keV 

9 

DT 

Ablation Shock 
Compression 

Spherical 
Convergence 

Peak 
Compression 

ICF requires precise understanding of many different physics processes:  
 laser-plasma interactions 
 hydrodynamic instabilities and shock propagation 
 nuclear reactions in HED environments 
 … 



In contrast to accelerators, ICF facilities provide an environment 
for nuclear reactions in thermalized plasma 
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Accelerator 

•   Monoenergetic beam ions 
•   Bound electron screening Ions 

Electrons 

Accelerated ion 

Target 

* M. Aliotta et al, NP A (2001), U. Schröder et al, NIM B (1989), H. J. Assenbaum et al, ZP (1987) 

Ions 
Electrons 

•   Thermal ions 
•   Debye electron screening 

Plasma 

Sun ICF 

Density:  0.1 – 1000 g/cc   160 g/cc   (core) 
Temperature:  1 – 20 keV   1.3 keV (core) 
Mass:   0.1 µg – 1 mg   2×1033 g 
Time (s):  10-10 s    3×1017 s 



Laser-generated plasmas are created at similar densities and 
temperatures as those in stellar cores 

11 

* Stellar evolution simulations by Dave Dearborn, NIF Simulations Harry Robey and Bob Tipton, OMEGA Simulation P. B. Radha  
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Laser-generated plasmas are created at similar densities and 
temperatures as those in stellar cores 
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* Stellar evolution simulations by Dave Dearborn, NIF Simulations Harry Robey and Bob Tipton, OMEGA Simulation P. B. Radha  
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Laser-generated plasmas are created at similar densities and 
temperatures as those in stellar cores 
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* Stellar evolution simulations by Dave Dearborn, NIF Simulations Harry Robey and Bob Tipton, OMEGA Simulation P. B. Radha  
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Laser-generated plasmas are created at similar densities and 
temperatures as those in stellar cores 
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* Stellar evolution simulations by Dave Dearborn, NIF Simulations Harry Robey and Bob Tipton, OMEGA Simulation P. B. Radha  
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The Gamow energy for 3He+3He fusion in the sun is ~22 keV 
at T~1.3 keV at densities of ~160 g/cc 
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EG(3He+3He) ≈ 18.1 × Ti0.67 [keV] 

Ti ~ 1.3 keV 
EG ~ 22 keV 
ρ = 160 g/cc 



The measured 3He+3He proton spectrum displays  
multiple reaction channels at a Gamow energy of ~165 keV 
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3He + 3He  →   4He + 2p (0-10.8 MeV) 
   →   5Li  +  p (9.2 MeV) 
   →   5Li* +  p 

2-3 µm SiO2 

12 atm 
3He 

Ti ~ 27 keV 
EG ~ 165 keV 
ρ = 0.1 g/cc 

EG(3He+3He) ≈ 18.1 × Ti0.67 [keV] 

Ti ~ 1.3 keV 
EG ~ 22 keV 
ρ = 160 g/cc 
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The measured 3He+3He proton spectrum displays  
multiple reaction channels at a Gamow energy of ~165 keV 
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3He + 3He  →   4He + 2p (0-10.8 MeV) 
   →   5Li  +  p (9.2 MeV) 
   →   5Li* +  p 

EG(3He+3He) ≈ 18.1 × Ti0.67 [keV] 

3He3He protons 

2-3 µm SiO2 

12 atm 
3He 

Ti ~ 27 keV 
EG ~ 165 keV 
ρ = 0.1 g/cc 

Ti ~ 1.3 keV 
EG ~ 22 keV 
ρ = 160 g/cc 



To understand stars we must understand how fast they burn 
by measuring reactivity <𝛔v> or cross section 𝛔 

18 To understand stars we must understand how 
fast they burn by measuring < 𝜎𝑣 > or 𝜎 
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NIF experiments allow measurements at lower Gamow 
energies closer to the solar Gamow peak 
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NIF experiments allow measurements at lower Gamow 
energies closer to the solar Gamow peak 

20 3He3He reaction were obtained in these experiments and the 
results are suprising 

8/8/2016, MGJ 36 *R-matrix spectra not Tion or response broadened 
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Results from Maria Gatu-Johnson 
R-matrix spectra not broadened by ion temperature or instrument response 

3He3He reaction were obtained in these experiments and the 
results are suprising 

8/8/2016, MGJ 36 *R-matrix spectra not Tion or response broadened 
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NIF experiments allow measurements at lower Gamow 
energies closer to the solar Gamow peak 

21 To understand stars we must understand how 
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There is a rich set of opportunities to  
study nuclear reactions at OMEGA and the NIF 

22 

Charged-particle induced reactions: 
•  T(t,2n)4He (analogue to 3He(3He,2p)4He). 
•  T(3He,np)4He, T(3He,d) 4He, T(3He,γ)6Li (impact BBN?). 
•  3He(3He,2p)4He (pp-I). 
•  D(p,γ)3He (Brown dwarfs, protostars).
•  6Li(p,α)3He  
•  7Li(p,α)4He 
•  7Be(p,γ)8B (pp-III). 
•  11B(p,α)8Be  (non-Maxwellian ion distributions). 
•  15N(p,α)12C (last step of CNO). 
•  12C(α,γ)16O ? 

 
Neutron-induced reactions: 
•  n-d and n-T at 14 MeV  
•  D(n,2n) at 14 MeV 
•  T(n,2n) at 14 MeV 
•  Various (n,γ), (n,2n) processes? 

Proton-proton chain 

CNO cycle 

Current work 
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Magnetohydrodynamic (MHD) equations 
describe both laboratory and astrophysical systems 
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∂ρ
∂t
+∇⋅ρv = 0

ρ
∂v
∂t
+ v ⋅∇v

$
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)= −∇p+
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∇×B( )×B
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∂t

−γ p
ρ
∂ρ
∂t

+ v ⋅∇p −γ p
ρ
v ⋅∇ρ = 0

Continuity 

Momentum 

Energy 

[1] Ryutov, ApJ 518 (1999) 
[2] Ryutov, POP 8 (2001) 
[3] Drake, High-energy-density physics (2006), ch 10 
[4] Remington, RMP 78 (2006) 
[5] Falize, ApJ 730 (2011) 
 

∂B
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Multiple dimensionless parameters determine the validity 
of using the MHD equations to describe system dynamics 
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Ø   The system exhibits fluid-like behavior 

Ø   Energy flow by particle heat conduction is negligible 

Ø   Energy flow by radiation flux is negligible 

Ø   Viscous dissipation is negligible 

lmfp L <<1

Pe >>1

Peγ >>1

Re >>1

Astrophysical systems are large and 
fulfill these criteria in many cases! 



Multiple dimensionless parameters determine the validity 
of using the MHD equations to describe system dynamics 
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Parameter SN Lab 

lmfp/L 4 x 10-3 4 x 10-9 

Pe 1.1 x 1013 5.9 x 103 

Peγ 1.6 x 1016  1.6 x 1010 

Re 1.9 x 1011 1.4 x 105 

* Drake, ApJ 564 (2002) Table 1 

lmfp L <<1

Pe >>1

Peγ >>1

Re >>1



Multiple dimensionless parameters determine the validity 
of using the MHD equations to describe system dynamics 
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Parameter SN Lab 

lmfp/L 4 x 10-3 4 x 10-9 

Pe 1.1 x 1013 5.9 x 103 

Peγ 1.6 x 1016  1.6 x 1010 

Re 1.9 x 1011 1.4 x 105 

* Drake, ApJ 564 (2002) Table 1 

lmfp L <<1

Pe >>1

Peγ >>1

Re >>1

Two MHD systems evolve similarly when the Euler number (Eu) 
and magnetization (µ) are similar. 

 
 
 

Eu ≡ v*

p* ρ* µ ≡
B*( )2
p*
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SN1987a stimulated research 
into Rayleigh-Taylor growth in supernovae explosions 
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* Arnett, ARAA 27 (1989) 

SN1987A, Hubble Space Telescope 
Ø   Core-collapse supernova of a bluegiant 

Ø   Light curve data suggested* ‘mixing’ 
between stellar layers  

Can mixing in supernovae 
be investigated in the lab? 
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Simulations suggest that geometric similarities  
are sufficient to investigate instability growth in SNe 
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* Kuranz, ApJ 696 (2009) Fig. 1 

1D PROMETHEUS simulation 
He-H interface in SN1987a 

1D HYADES simulation 
OMEGA experiment 

The Euler number is approximately equal 
between the two systems. 

 EuSN ≈ 2.2 EuExp ≈ 2.3



Simulations demonstrate the similarity 
of the interface-velocity evolution in both systems 
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* Kuranz, ApJ 696 (2009) Fig. 1 



Scaled experiments investigated instability growth  
at the He-H interface in supernovae at Omega 

32 

* Kuranz, ApJ 696 (2009) Fig. 2 



Scaled experiments investigated instability growth  
at the He-H interface in supernovae at Omega 
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* Kuranz, POP 16 (2009) Fig. 5 

X-ray radiographs demonstrated that amplitude growth was 
consistent with the nonlinear ‘buoyancy-drag’ model. 

spike 
amplitude 

 0  

900 800 500 700 600 [µm] 

-200 

-400 

 200 

 400 

[µm] 



Scaled experiments investigated instability growth  
at the He-H interface in supernovae at Omega 
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* Kuranz, POP 16 (2009) Fig. 5; Kuranz POP 17 (2010)  Fig. 8 

… but the detailed spike morphology is different! 
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The study of radiative effects on the Rayleigh-Taylor instability is 
relevant to core-collapse, red supergiant 

35 

3
5

Nymark et al., Astron. & Astro. 449, 171 (2006)
“X-ray emission from radiative shocks in type II 
supernovae” 

Plewa hydrodynamic simulation of red 
supergiant showing RT instability develop 
in shocked wind region

C. Kuranz et al, Astrophys. Space Sci, 336, 207 (2011) 
C. Huntington et al., PoP, 18, 112703 (2011) 



Classical RT growth is expected with 230 eV drive whereas 
growth is stabilized at higher temperatures >325 eV 
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75 eV 

55 eV 

25 eV 

15 eV 

a0 = 6 um; lambda0 = 120 um 

K. Raman, F. Doss, A. Miles on hydro simulations 
S. MacLaren, S. Prisbrey, H. Robey on hohlraum simulations 

Drive temperature (keV) vs time (us) 

325 eV 

230 eV 

200 eV 

350 eV 



Preliminary results from recent NIF experiments  
demonstrate radiatively stabilized RT growth 

37 

N150601-004 
high drive 
15 ns 

N150407-002 
Low drive 
28 ns 

§  Compare 15 ns (high-drive) and 28 ns (low-drive) images 
when the distance-travelled is about the same 

55 eV 25 eV 

230 eV 
@ 30 ns 

325 eV 
@16 ns 

C. Kuranz et al. submitted to Nature Communications 
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Shocks are formed in many astrophysical objects, 
but how are ‘collisionless’ shocks created 

39 

•  Shocks are typically created through the pile-up of pressure 
waves through collisions with a thickness ~λmfp 

•  In many astrophysical objects, λmfp >> scales of interest  

•  Some observed shocks are ‘collisionless’…  

SNR: Cas A 

GRB 

Pulsar wind nebula:  
Crab 

Solar 
AGN jets 



Collisionless shocks are mediated through  
scattering events with magnetic fields 

40 

SNR Cassiopeia A 

Collisionless plasma flows 
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Collisionless shocks are mediated through  
scattering events with magnetic fields 
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Collisionless shocks are mediated through  
scattering events with magnetic fields 
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SNR Cassiopeia A 

Collisionless plasma flows 
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Do ions pass through without creating a shock? 

Strong (scattering) fields may be self-generated or be created 
through compression of preexisting background fields. 



Collisionless shocks are created when the Coulomb MFP is 
much larger than the characteristic interaction scale length 
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The conditions for generating a 
collision shock require: 

epi
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ℓ*,  characteristic (electrostatic or electromagnetic) instability scale length 
ℓint , intersection zone length 
λmfp, Coulomb mean free path 
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For head-on collisions 
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Simulations suggest that self-generated B-fields 
can mediate shocks over long scale lengths (>100 c/ωpi) 
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shock 1 
shock 2 

flow 2 Density 

B-field 

F. Fiuza | OSIRIS Simulation 2013 

flow 1 



Simulations suggest that self-generated B-fields 
can mediate shocks over long scale lengths (>100 c/ωpi) 
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Proton imaging reproducibly shows self-organized B-fields 
in collisionless counter-streaming plasmas   
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C. M. Huntington et al, Nature Physics, 2015 

D+3He à p (14.7 MeV) + 4He
D+D à p (3.0 MeV) + T



Proton imaging reproducibly shows self-organized B-fields 
in collisionless counter-streaming plasmas   
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14.7-MeV  
proton image 

C. M. Huntington et al, Nature Physics, 2015 

D+3He à p (14.7 MeV) + 4He
D+D à p (3.0 MeV) + T



min max 

Density 

B field 

Protons 
5MeV 

Protons 
14.7MeV 

Protons 
25MeV 

t=2.14ns 



min max 

Density 

B field 

Protons 
5MeV 

Protons 
14.7MeV 

Protons 
25MeV 

t=2.28ns 



min max 

Density 

B field 

Protons 
5MeV 

Protons 
14.7MeV 

Protons 
25MeV 

t=2.98ns 



min max 

Density 

B field 

Protons 
5MeV 

Protons 
14.7MeV 

Protons 
25MeV 

T=3.55ns 



min max 

Density 

B field 

Protons 
5MeV 

Protons 
14.7MeV 

Protons 
25MeV 

T=4.10ns 



min max 

Density 

B field 

Protons 
5MeV 

Protons 
14.7MeV 

Protons 
25MeV 

t=4.67ns 



Proton images at different times illustrate B-field evolution 
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•  N. L. Kugland et al, Nature Physics (2012) 

•  The flow velocity is ~1000 km/s and in collisionless regime 

•  The evolution of Weibel filaments is clearly observed in 14.7-MeV images 

•  Shock formation needs longer scale lengths! 

C. M. Huntington et al, Nature Physics, 2015;  H. –S. Park et al., Phys. Plasmas, 2015; C. Huntington et al., Phys. Plasmas, 2017 
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NIF provides the means to achieve the necessary 
conditions to actually form the collionless shock 
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•  N. L. Kugland et al, Nature Physics (2012) 
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Proton radiography indicates strong magnetic field 
formation with evolving filamentary field structures 
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§  Fluence normalized images show large deflection of protons 

§  NIF experiments show larger spatial features than the Omega observations: 

~100 𝛍m vs. ~1 mm 

§  B-field strength is 3~5 MG at saturation; filaments merge; more turbulent 
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Outline 
57 

Ø   High-Energy-Density (HED) Plasma 
•  US facilities 

Ø   Plasma Nuclear Science using ICF-like implosions  
•   p-p chain at relevant Gamow energies 

Ø   Laser-produced Magnetohydrodynamics 
•  similarity conditions 
•  Rayleigh-Taylor growth in core-collapse SNe 

Ø   Laser-produced Jets 
•  ‘collisionless’ shocks 
•  supersonic jet dynamics 

Ø   Pair-Plasma Production 
•  relativistic jets  

 
Ø   Summary 

Zylstra et al. 
(MIT) 

Drake, 
Kuranz et al. 

(UM) 

Chen et al. 
(LLNL) 

Park, 
Huntington et al. 

(LLNL) 

Manuel, 
Kuranz et al. 

(UM) 



Jets form during all stages of low-mass star formation  
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L4 L. Loinard et al.

Figure 3. Integrated intensity of the weighted velocity (moment 1) colour
map of the CO(6-5) emission from source A overlaid in contours with the
0.45 mm continuum emission (black thick line) and the integrated intensity
line emission (moment 0) of the CO(6-5) (grey thin line). The black contours
are the same as in Fig. 1 (0.2 to 1.2 Jy beam−1 in steps of 0.2 Jy beam−1).
The grey contours are from 10 to 90 per cent with steps of 10 per cent of
the peak of the CO line emission; the peak is 3.2 × 104 Jy Beam−1 km s−1.
The colour scale bar on the right indicates the local standard of rest (LSR)
velocities in km s−1. The synthesized beam of the continuum image is shown
in the bottom-left corner of the image.

source A2 is precessing as a consequence of the A1–A2 binarity. We
note, finally, that there is no detectable CO(6-5) emission associated
with the NE-SW flow in the ALMA observations (Fig. 3). This is
in agreement with the results of Yeh et al. (2008) who also failed
to detect such emission in their SMA CO observations at arcsecond
resolution.

3.2 The EW flow

Strong CO(6-5) is detected in the ALMA data around the position
of source A. In agreement with the results of Yeh et al. (2008), it is
largely concentrated to an EW structure with blueshifted emission
to the east and redshifted emission to the west. This emission traces
the central part of the well-known EW (PA ∼110◦) flow (Fig. 3). In
spite of the high angular resolution of the ALMA observations, the
origin of the flow stall cannot be traced back to a specific source
within component A.

3.3 A compact outflow from source B

As reported by Yeh et al. (2008) and confirmed by Rao et al. (2009),
there is very strong blueshifted CO emission to the south of source
B (the location of component b2 in Yeh et al. 2008). Fig. 4 displays
the first moment CO(6-5) map of this component (in colours) over-
laid with the 0.45 mm continuum image (in contours). It is clear that
the CO emission defines a 3 arcsec long bubble-like structure ori-
ented along the south-east–north-west direction (at PA ∼130◦) with
source B at its north-west apex. This structure points from source
B towards source A, but there appears to be no material connec-
tion (i.e. no bridge of emission) between the two. In particular, its
south-east apex (corresponding to the point nearest to A) is located
about 2 arcsec to the north-west of source A. We conclude that this
structure is associated with source B and unrelated to source A. We
should point out, here, that there is a significant amount of extended
CO emission around the systemic velocity of IRAS 16293−2422
(vlsr ∼4 km s−1) in the ALMA observations. This emission is poorly
recovered by the interferometer, and its structure cannot be assessed;
we filtered it out by ignoring the velocity channels around 4 km s−1,

Figure 4. Integrated intensity of the weighted velocity (moment 1) colour
map of the CO(6-5) emission from source B overlaid in contours with the
0.45 mm continuum emission (black thick line) and the velocity scale of
CO(6-5) (grey thin line). The black contours are the same as in Fig. 1 (starting
at and in step of 0.2 Jy beam−1). The colour scale bar on the right indicate
the LSR velocities in km s−1. The synthesized beam of the continuum image
is shown in the upper-left corner of the image.

but note that our fluxes (as given, for instance, in Fig. 4) are clearly
underestimated since they do not include the ambient gas. Interest-
ingly, Rao et al. (2009) recently reported on the possible detection
of a new outflow in IRAS 16293−2422 seen in SiO(8-7) along a
PA very similar to that of the CO structure seen here. The structure
seen in SiO, however, is most prominent towards south of source A,
and entirely at positive velocities. While there is SiO(8-7) emission
in the general direction of the CO structure reported here, it is at
+4 km s−1 rather than at −4 km s−1. Higher resolution SiO obser-
vations will clearly be needed to establish the relation (if there is
any) between the SiO structure reported by Rao et al. (2009) and
the CO structure reported here.

To our knowledge, ours is the first direct indication for the ex-
istence of an outflow driven by source B. Interestingly, there is no
strong redshifted counterpart to the north-west. While this might
reflect an intrinsic asymmetry of the flow, it could also at least
partly reflect the structure of the circumstellar environment. As dis-
cussed by Pineda et al. (2012) and Zapata et al. (in preparation), at
submillimetre wavelengths, both the CO lines and the continuum
emission towards source B are optically thick, so the red-shifted
emission might be at least partly hidden from view. Alternatively,
IRAS 16293−2422 might be located close to the back side of the
cloud where it is located. Besides explaining the lack of a red-
shifted lobe, this would be consistent with the very high optical
depth towards source B.

Since the systemic velocity of source B is about 3 km s−1

(Jørgensen et al. 2011) while the most negative velocities reached
by the outflow are ∼−8 km s−1, the (radial) expansion velocity of
the bubble relative to source B is about 10 km s−1. At the distance of
Ophiuchus, the angular extent of the bubble (3 arcsec) corresponds
to 5.4 × 1015 cm (360 au), and the dynamical age of the flow is
of the order of 200 yr. While this calculation might only provide a
crude estimate of the true age of the structure, similar calculations
for the other outflows in the system (Mizuno et al. 1990) yield much
larger dynamical ages, of the order of 104 yr. This is consistent with
the commonly held view that source B is the youngest object in
IRAS 16293−2422 (e.g. Chandler et al. 2005). It could be argued
that the true angular extent of the outflow is significantly larger than
reported here, because the CO(6-5) line might only pick the most
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IRAS 16293-2422 

Jet/Outflow: 
Ø  Young pre-stellar (adiabatic?) core 
Ø  Estimated age 200 years 
Ø  Slow, few km/s outflow 
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IAU 275. Molecular and atomic stellar jets 375

Figure 1. Bipolar ejection tracers in the young Class 0 protostar HH211; White contours of
CO(2-1) emission (Gueth & Guilloteau 1999) delineate a swept-up bipolar cavity at low speed
(top panel), and a narrow axial jet at high V ! 10 km s−1 (bottom panel). The background
image shows shock-excited H2 in the leading jet bowshocks (Mc Caughrean et al. 1994).

appears to carry a lower mass-flux than the molecular jet (Dionatos et al. 2009, 2010).
Only a handful of such jets have been mapped in detail so far, but the collimation and
kinematics of outflow cavities appear consistent with jet-driven bowshocks in young low-
luminosity Class 0 sources, while a wider-angle component is needed in massive / older
flows (Cabrit, Raga, & Gueth 1997; Downes & Cabrit 2003; Arce et al. 2007 and refs.
therein).
• In evolved infrared protostars (“Class I”), of age ≃ 105 yr, where residual infall is

occuring at much slower rate: jets become brighter in optical ionic lines out to several
pc (see top panel of Fig. 2, and Reipurth & Bally 2001 for a review) and H2 carries a
lower mass-flux than the atomic gas (Nisini et al. 2005, Podio et al. 2006). Swept-up CO
outflows are weaker than in the Class 0 stage (Bontemps et al. 1996),

• In “Class II” pre-main sequence stars of age ≃ 106 yr, which have no more envelope
but retain an active accretion disk: High-velocity atomic jets are much fainter, with the
jet beam traced out to " 500 AU (Hartigan et al. 1995, Hirth et al. 1997). H2 counterparts
tend to be slower and less collimated than the jet (see bottom panel of Fig 2; Beck et al.
2008). An important finding is that jets are absent in young stars with no accretion
disks (Hartigan et al. 1995). Hence, accretion is clearly fundamental for the jet process.
In contrast, jets are seen over a wide range of stellar masses, from brown dwarfs up to
M⋆> 2M⊙ (see Whelan, this volume, Ray et al. 2007, Bacciotti 2009), indicating a robust
universal mechanism.

A universal property of stellar jets at all stages is their “knotty” appearance, with very
similar knot spacings in Class 0 and Class I (Cabrit 2002). These features trace internal

Cabrit, IAU 2011 

HH211 

Jet/Outflow: 
Ø  Typically observed as molecular 

flows from the source 
Ø  Slow (< 10 km/s) cavities 
Ø  Fast (~10-100 km/s) jets 

Class 0 
Young Accreting Protostar 
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Jet/Outflow: 
Ø  Atomic jet traced to pc-scales 
Ø  Weaker swept up molecular flow 
Ø  Clear evidence of jet episodicity 

and variability 

376 S. Cabrit et al.

Figure 2. Bipolar ejection in late phases of accreting young stars: (i) top panel: evolved infrared
Class I protostar (HH34), with jet image in [S II] and Hα (from Reipurth et al. 1997); the knotty
structure arises from time variability; (ii) pre-main sequence Class II star (DG Tau): The colour
image traces fast [Fe II] with V > 150 km s−1 , while red contours trace slower [Fe II] with
V ≃ 50 − 150 km s−1 ; yellow contours trace H2 with V < 20 km s−1 . Note the wider opening
angle at lower velocity, and the ”bubble” features near the tip of both lobes (adapted from
Agra-Amboage et al. 2010).

shocks driven by velocity variability on several timescales ≃ 30–60 yrs, 300 yrs, and 1000
yrs, with longer modes having larger amplitudes (Raga et al. 2002). An even faster mode
of period ≃ 3–5 yrs is identified in Class II jets (Hartigan et al. 2007; Agra-Amboage
et al. 2010). The origin of such variations is yet unclear, although jet wiggling suggests
orbital motions of period 50 yrs in some sources (Anglada et al. 2007; Lee et al. 2010).

3. Jet power compared to the accretion power
While both accretion and ejection strongly decrease over time, they remain tightly

correlated with one another:
• Estimates of the ejection power in the early Class 0 phase rely heavily on observations

of the larger, slower swept-up CO cavities, for which a rich body of data is available. The
momentum injection rate in swept-up Class 0 molecular outflows shows a clear correlation
with the source bolometric luminosity over 5-6 orders of magnitude, probably tracing
an underlying ejection-accretion correlation (see Fig. 3). The momentum efficiency is
very high, FCOc/Lbol ≃ 1000(Lbol/10L⊙)−0.3 , and clearly rules out radiative or thermal
ejection mechanisms (Lada 1985; Cabrit & Bertout 1992). Assuming that the outflows are
momentum-driven by an underlying wind/jet of speed Vw≃ 200 km s−1 , the inferred wind
mechanical luminosity, Lw= 0.5 FwVw , is 50%–100% of Lbol in low-luminosity sources,
indicating that the ejection mechanism extracts a considerable fraction of the accretion
power (Cabrit & Bertout 1992; Cabrit 2002). Direct measurements of the jet mass-flux in
a few Class 0 sources confirm this result (Leeet al. 2010). The lower momentum efficiency
FCOc/Lbol ≃ 10−100 for Lbol! 104L⊙ could be due to the increasing contribution of the
photospheric luminosity L⋆ in massive protostars. Indeed, reasonable assumptions about

Cabrit, IAU 2011 
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Evolved Accreting Protostar 



Jets form during all stages of low-mass star formation  
61 

Class II 
Classical T Tauri Star 

Pre-main Sequence 

Time in Years 0 ~105 ~106 

beginning 
of an outflow 

jet/outflow 
~ sub-pc scale 

jet/outflow 
~ parsec scale 

micro-jets 
< 1000 AU 

Disk Radius  ~102 AU 
Disk Mass     << M★ 
Accretion Rate  ~ 10-7  M¤/year 

Jet/Outflow: 
Ø  Fast, few ×102 km/s atomic jets 
Ø  Wide-angle, slow H2 
Ø  Rapid (few years) jet variability 

Collapsing pre-stellar 
dense core 

Class 0 
Young Accreting Protostar 

Class I 
Evolved Accreting Protostar 



Jets form during all stages of low-mass star formation  
62 

Collapsing pre-stellar 
dense core 

Class 0 
Young Accreting Protostar 

Class I 
Evolved Accreting Protostar 

Class II 
Classical T Tauri Star 

Pre-main Sequence 

Time in Years 0 ~105 ~106 

beginning 
of an outflow 

jet/outflow 
~ sub-pc scale 

jet/outflow 
~ parsec scale 

micro-jets 
< 1000 AU 
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Cabrit, IAU (2011) 



Magnetized plasma jets are prominent  
in young stellar objects with a wide range of parameters 
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Curran et al., MNRAS 382 (2007); Carrasco-Gonzalez et al., Science 330 (2010); Ferreira AA 452 (2006); Reipurth ARAA 39 (2001)  

Physical condition Constraint YSO Jets Experiment 

Viscosity plays minor role Reynolds 

 
~103 - 107 ~103 - 105 

 
Magnetic diffusion plays 
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Jets are produced from laser-irradiated plastic targets 
and magnetized using a custom-built solenoid 
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The 5 T point design generates thermal betas down to β~0.01-1 and 
dynamic betas down to to β~1-10  

(n ~ 1018 cm-3, T~1 eV, v~50-150 km/s)  



Optical interferometry characterizes 
the spatial profile of inertially-confined plasma flows 
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Optical interferometry characterizes 
the spatial profile of inertially-confined plasma flows 
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Processed interferograms show collimated flows  
when no axial B-field is applied 
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A 5-T B-field applied along the jet axis disrupts axial collimation  
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Jet-disruption effectiveness depends on the B-field strength 
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A 5-T axial B-field disrupts the inertially-collimated region of the 
flow, and magnetically collimates the radially expanding plasmas 
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A Lagrangian model* analytically accounts for B-field advection 
and diffusion in a converging cylindrical plasma 
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Ø  Uniform, incompressible, constant V0  
Ø  Axial B-field B0 penetrating the volume 
Ø  Elongation occurs in time due to collimation (dR/dt<0) 

L0

R0

V0

B0

initial condition time t later 

*Fedorov CESW 41 (2005)  

L = L0 +V0t

V0
B

Dimensionless metric 
for time 

𝜏 ≡ 𝐿⁄𝐿↓0   

𝑅= 𝑅↓0 ⁄√ 𝜏   



A Lagrangian model* analytically accounts for B-field advection 
and diffusion in a converging cylindrical plasma 
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*Fedorov CESW 41 (2005)  
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A Lagrangian model* analytically accounts for B-field advection 
and diffusion in a converging cylindrical plasma 
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*Fedorov CESW 41 (2005)  
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A Lagrangian model* analytically accounts for B-field advection 
and diffusion in a converging cylindrical plasma 
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*Fedorov CESW 41 (2005)  

Ratio of B-field 
advection to diffusion 

Diffusion becomes more 
important with increasing 𝛕 

(shrinking radius) 

Rem =
R0
4L0

⎛

⎝
⎜

⎞

⎠
⎟
V0R0
η /µ0

Linear 
amplification 

B(r,τ ) = B0τe
−
τ 2−1
2Rem



A Lagrangian model* analytically accounts for B-field advection 
and diffusion in a converging cylindrical plasma 
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A collimation parameter (ψ) is derived  
from the on-axis pressure normalized to the magnetic pressure 
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A collimation parameter (ψ) is derived  
from the on-axis pressure normalized to the magnetic pressure 
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A collimation parameter (ψ) is derived  
from the on-axis pressure normalized to the magnetic pressure 
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A collimation parameter (ψ) is derived  
from the on-axis pressure normalized to the magnetic pressure 
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The Lagrangian-cylinder model describes observations well in a 
semi-quantitative manner at 50 ns (𝜏~25) 
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The Lagrangian-cylinder model describes observations well in a 
semi-quantitative manner at 50 ns (𝜏~25) 
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The Lagrangian-cylinder model describes observations well in a 
semi-quantitative manner at 50 ns (𝜏~25) 
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Similar behavior is observed* in magnetized shaped charges 
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*Fedorov JAMTP 48 (2007)  

B0 = 0.84 T 

B0 = 1.4 T 



B-field amplification can quickly cause jet disruption  
at high enough magnetic Reynolds numbers 
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B-field amplification can quickly cause jet disruption  
at high enough magnetic Reynolds numbers 
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B-field amplification can quickly cause jet disruption  
at high enough magnetic Reynolds numbers 
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Ø  The presence of even a weak axial B-field in a hydrodynamically 
converging system will disrupt collimation at high enough Rem 

 
Ø  In astrophysical accretion systems Rem > 1010, observations of a weak 

B-field parallel to the outflow* precludes inertial-collimation as a source 

* Targon ApJ 743 (2011) 
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Outline 
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Ø   High-Energy-Density (HED) Plasma 
•  US facilities 

Ø   Plasma Nuclear Science using ICF-like implosions  
•  p-p chain at relevant Gamow energies 

Ø   Laser-produced Magnetohydrodynamics 
•  similarity conditions 
•  Rayleigh-Taylor growth in core-collapse SNe 

Ø   Laser-produced Jets 
•  ‘collisionless’ shocks 
•  supersonic jet dynamics 

Ø   Pair-Plasma Production 
•  relativistic jets  

 
Ø   Summary 

Zylstra et al. 
(MIT) 

Drake, 
Kuranz et al. 

(UM) 

Chen et al. 
(LLNL) 

Park, 
Huntington et al. 

(LLNL) 

Manuel, 
Kuranz et al. 

(UM) 



Relativistic plasmas can be created 
using high-power-laser facilities 
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Unique features of these pair plasmas: 
•  Positron acceleration 
•  Quasi monoenergetic positrons 
•  Relativistic electron-positron jets 
•  Scaling against laser energy 
•  Collimation 
 

Can we create and study relativistic 
jet dynamics in the lab? 



At high laser intensities, photon-particle  
and particle-particle interactions become relativistic 
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At high laser intensities photon-particle and particle-
particle interactions become relativistic"

•  atomic processes"
•  collisional absorption"
•  non-linear optics"

•  pion production"
•  relativistic protons"
•  QED"

Typical parameters  > 1020 W/cm2  
Electric fields   1012 V/m 
Magnetic fields   100's MG 
Pressure    Gbar 
Temperature         keV or 107 K 
Acceleration   1021 g 
Density    Nc or solid 

•  relativistic electrons"
•  nuclear processes"

•  γ-production"

•  e+e- plasmas"

1012      1014      1016      1018      1020      1022      1024      1026      1028     W/cm2  "

ICF experiments Vacuum Pairs 
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Lasers create positrons indirectly through two processes 
using targets with high atomic numbers 
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Lasers can create positrons indirectly via two 
processes using targets with high atomic numbers 

Pair producing probability is much enhanced in the nuclear field as the momentum 
conservation is more easily preserved.  

Wilks 

Trident process  

e- 

e- 

e- 

e+ 

Bethe-Heitler Process 

e- e- 

e+ γ#

e- 
Nuclei 

Heitler, 1954 

Pair production probability is greatly enhanced by the nuclear 
field as momentum conservation is more easily preserved. 

σ Tri ∝ Z
2

σ BH ∝ Z
4



Laser-produced relativistic particles form jets  
at the back of the target 

90 

Lawrence Livermore National Laboratory LLNL-PRES-644860 
22 

Laser produced relativistic pairs form jets at the 
back of the target 

Jet angular spread: 20-30 degrees. The jets are shaped by the E and B fields of 
the target. Its direction is controlled by the lasers and target.  

Laser pair angular distribution 
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LSP simulations of the jets 

Tony Link 

Lawrence Livermore National Laboratory LLNL-PRES-644860 
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Laser produced positrons have 6 unique features 

1.  Positron acceleration 
2.  Quasi mono-energy 

3.  Relativistic electron-positron jet 

4.  Beam emittance 

5.  Scaling against laser energy 

6.  Collimation 

S. Wilks 

Lasers produce burst of relativistic jets. Is this miniature 
jets useful to understand cosmic jets? 

Chandra X-ray image of 
relativistically moving jets of 
electron-positron pair plasma 
powered by a supermassive 
black hole in a nearby galaxy 
Centaurus A. 

NASA/CXC/CfA/
R.Kraft et al. 

Jet angular spread is ~20°-30° and is shaped 
by electromagnetic fields in the target. 



A non-linear scaling was found in positron data  
from Titan, EP and Orion experiments 

91 

Positron number ~ E2 
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Positron number shows a ~E2 dependence for both 1 ps and 10 ps shots. 



Laser-produced pair jets are approaching those needed  
for laboratory astrophysics experiments 
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LLNL-PRES-681519 
18	

Lasers-produced pair jets are approaching those 
needed for lab astro. experiments   

Parameter Exp. Value* Desired for astro. 
relevant exp.** 

T//   0.5 - 4 MeV ~ MeV 

T
┴

 0.2-1 MeV ~ MeV 

ne+ ~1011-13 cm-3 >1014-16 cm-3 

ne- ~1012-15 cm-3  >1014-16 cm-3 

τJet 5 – 30 ps  10-100 ps 

The most obvious needs are to (1) increase the density of the pair jets and  
(2) reduce the electron/positron density ratio.  

*Chen, et al. PRL 2010; HEDP 2011; POP 2014 
 

**Fiuza et al., in preparation 
 

✔ 
✔ 

✔ 
✔ 

The most obvious needs are to (1) increase the density of the pair jets and 
(2) reduce the electron/positron density ratio 



Relativistic particles can be further collimated 
by applying an external magnetic field 
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Excellent results were obtained in 2013 from EP 
collimation experiments using MIFEDS#

Positrons & electrons spectra w/o collimation 

•  The effective divergence 
of the beam reduced from 
30 deg FWHM to 5 deg; 

 
•  The charge (e-/e+) ratio in 

the beam reduced from 
~100 to 5.  
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Chen and Fiksel, et al. 
to be published, 2013 

Pair plasma can be collimated using externally 
applied axial magnetic fields  

The pulsed B-field is sustained for µs, relative to the ps time scale of the 
electron-positron beam, therefore allows precisely controlled experiments. 

Simulation by G. Fiksel 
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Simulation of positrons in MIFEDS B-fields Positron exp setup using MIFEDS* 

* O. Gotchev, et al., Rev. Sci. Instrum. 80, 043504 (2009)  

The effective divergence is reduced to 5° and the 
charge ratio (e-/e+) has reduced from ~100 to ~5 



Outline 
94 

Ø   High-Energy-Density (HED) Plasma 
•  US facilities 

Ø   Plasma Nuclear Science using ICF-like implosions  
•  p-p chain at relevant Gamow energies 

Ø   Laser-produced Magnetohydrodynamics 
•  similarity conditions 
•  Rayleigh-Taylor growth in core-collapse SNe 

Ø   Laser-produced Jets 
•  ‘collisionless’ shocks 
•  supersonic jet dynamics 

Ø   Pair-Plasma Production 
•  relativistic jets  

 
Ø   Summary 

Zylstra et al. 
(MIT) 

Drake, 
Kuranz et al. 

(UM) 

Chen et al. 
(LLNL) 

Park, 
Huntington et al. 

(LLNL) 

Manuel, 
Kuranz et al. 

(UM) 



Laboratory experiments provide a complimentary technique 
to investigate some astrophysical systems 
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Ø   High-power laser facilities provide a versatile environment to generate 
physical conditions similar to those in multiple astrophysical systems 

Ø   Laboratory results are directly scalable when similarity and geometric 
conditions hold between the two systems 

Ø   Experiments also allow for detailed benchmark comparisons with numerical 
calculations in relevant dynamic regimes 



The Discovery Science Program 
allows basic science to be studied on the NIF 
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Raymond Jeanloz  
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Stellar reaction rates Laser driven  
proton beams 

High pressure, 
compressed carbon 

Planar direct drive  
hydrodynamics 

Particle acceleration  
from turbulence 

Collisionless shock  
particle acceleration 

Brown dwarf interiors:  
high-P properties of Be 

Charged particle  
stopping powers 

Low-Z elements  
at Gbar pressures 

Dense hydrogen  
near the melt curve 
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To understand stars we must understand how fast they burn 
by measuring reactivity <𝛔v> or cross section 𝛔 
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reaction cross section 
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NIF experiments allow measurements at lower Gamow 
energies closer to the solar Gamow peak 
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This work helps to establish a technique for tackling other 
interesting reactions currently underway at NIF 

Expected FY17 NIF 3He3He 
experiment (ECM~45 keV) 

Initial NIF 3He3He experiment (ECM~90 keV) 

OMEGA 3He3He 
experiment (ECM=165 keV) 

Adelberger et al., Rev. Mod. Phys 83, 2011 

Solar Gamow peak 

Goals 
1. 3He+3He in stellar-like conditions 
2. T+T, T+3He and 3He+3He spectra 
3. T+3He-J relevant to Big Bang nucleosynthesis 
4. p+D-J relevant to protostar formation and 

brown dwarfs 
 

 

He(3He,2p)4He M. Gatu Johnson 

EG~45 keV 
New NIF EG~90 keV 

First NIF 

EG~165 keV 
OMEGA 
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Recent experiments implemented a Gamma Cerenkov 
Detector (GCD) to measure D+p 5.5 MeV γ-rays  

101 

15 µm CH 

12 atm 
HD 

Ti ~ 5-12 keV 
EG ~ 10-30 keV 
 

D  +  p  →     3He  +  γ (5.5 MeV) 

Precise understanding of this reaction 
at low Gamow energy is important for 

protostars and brown dwarfs. 
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Using inertial fusion plasmas to study nuclear physics reactions 
is a growing topic with several high-profile recent results 

6/15/17   |   102 Los Alamos National Laboratory 

This reaction rate cannot explain high 6Li levels in primordial material. 

J. Mack et al., NIMA 513, 566 (2003) 
S.L. Blatt et al., Phys. Rev. (1968)  Madsen et al., PRD (1990) 
Fukugita et al., PRD (1990)   Boyd et al., PRD (2010) 

A.B. Zylstra et al., Phys. Rev. Lett. 117, 035002 (2016) 

Glass capsule driven by the OMEGA laser, 
spherically-converging shock generates ~20keV 

ion temperature plasma 
Gammas measured with Cherenkov detector3 

2-3 µm SiO2 

18 atm 
T3He 

Ti ~ 19 keV 
Ecm ~ 80 keV 
ρ  ~ 0.1 g/cc 

OMEGA 
Accelerator 
Theory Fit 

Astrophysics 



NIF Rad-SNRT Team 
Principal Investigator: Carolyn Kuranz 
Liaison scientist: Hye-Sook Park (LLNL) 

Carolyn Kuranz (Research Scientist, PI) 
Paul Drake (Professor) 
Carlos Di Stefano (Graduate Student) 
Willow Wan (Graduate Student) 
Sallee Klein (Research Engineer) 
 

Hye-Sook Park (experiment, RI) 
Chan Huntington (experiment) 
Dan Kalantar (experiment) 
Steve MacLaren (design) 
Aaron Miles (design) 
Kumar Raman (design) 
Bruce Remington (science) 
Harry Robey (design) 
Shon Prisbrey (design) 
 
 
 
 

Bérénice Loupias (CEA) 
Tomasz Plewa (Florida State),  
David Arnett (Univ. of Arizona)  
Craig Wheeler (Univ. of Texas) 
Jon Larsen (Cascade Sciences) 
 

University of Michigan Participants 
 

Additional Participants 
 

LLNL/GA/LANL Participants 
 

Forrest Doss (LANL, design) 
Kirk Flippo (LANL, experiment) 
John Kline (LANL, science) 
George Kyrala (LANL, science) 
 
 
 
 

Emilio Giraldez (GA, target) 
Alex Hamza (target) 
Abbas Nikroo (GA, target) 
Russell Wallace (TFE) 
Joe Kilkenny 
Mike Farrell (GA, target) 
 
 
 
 

N150601-001, N150601-003, N150601-004 (F_RSNRT_SNRT_EEE_FFF_HHH) 



We completed 3 shot day campaign each improving 
data quality 
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N150111-001 
Low drive, 26 ns 

Good data 
but non-
planar 

1.1 mm 

N150406-001 
Low drive, 28 ns 

1.5 mm 

N150406-002 
High-drive, 17 ns 

N150601-004 
High-drive, 15 ns 

Good SNR 
for high-drive 

Planarity achieved; but 
low SNR for high-drive 

0.5mm Au
+0.5 mm CH 

hohlraum 
shield 

N150601-001, N150601-003, N150601-004 (F_RSNRT_SNRT_EEE_FFF_HHH) 



RSNRT Full Data Set Complete: 
April + S08, S09 and S10 (fired June 1, 2015) 
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15 ns 17 ns 18 ns 20ns 

23ns 25ns 28ns 30ns 32ns 34ns 

13 ns 15 ns 

High-Drive 325 eV  

Low-Drive 230 eV  

S09 

S08 S10 

April 

April 

N150601-001, N150601-003, N150601-004 (F_RSNRT_SNRT_EEE_FFF_HHH) 



Preshot simulation over-predicts the shock velocity 
and interface position 
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High drive Low drive 

(Data) (Sim) 

(Data) 
Interface position 

Shock position 

(Sim) 

(Data) (Sim) 

(Data) 
Interface position 

Shock position 

(Sim) 

§  Measurement at a same time repeated within the error 
§  Data analysis in progress 
§  Post-shot simulation in progress 

N150601-001, N150601-003, N150601-004 (F_RSNRT_SNRT_EEE_FFF_HHH) 



NLUF: Collisionless Shocks  MagShock-12A  OMEGA FY13  

International team (ACSEL collaboration): 

1
0
7

Princeton University (USA):   A. Spitkovsky 
LLNL (USA):    C. Huntington, H.-S. Park, C. Plechaty, S. Ross,  

B. Remington, D. Ryutov       
LLE, Univ. of Rochester (USA):   G. Fiksel, P.-Y. Chang, D. Froula, J. Knauer  
Osaka University (Japan):   Y. Sakawa, H. Takabe, Y. Kuramitsu, T. Morita 
Oxford University (UK):  G. Gregori, J. Meinecke, A. Bell 
LULI (France):    M. Koenig, A. Ravasio, A. Pelka, T. Vinci,  

C. Riconda, R. Yurchak 
ETH Zurich (Switzerland):   F. Miniati 
York University  (UK):    N. Woolsey 
Rice University (USA):    E. Liang, M. Levy 
University of Michigan (USA):    R. P. Drake, M. Grosskopf, C. Kuranz, E. Rutter 



Numerical modeling suggests that both scattering mechanisms 
may produce shocks 
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self-generated magnetic fields 
(filamentation/Weibel instability)  
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Proton images at different times illustrate B-field evolution 
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•  N. L. Kugland et al, Nature Physics (2012) 

0.5 ns 2.2 ns 3.7 ns 

4.0 ns 5.2 ns 7.0 ns 

50,000 λDebye 
    100  c/ωpi  

8 mm 

Proton images  
side-on view 
7 to 8 MeV 

Further work is needed to extend the spatial 
scales to allow for collisionless shock formation 



Future NIF experiments to create optimal condition for 
creating fully-formed collisionless shocks 

New target configuration will provide access to more laser beams and 
increased density

Proposed experimental configuration allows us to reach collisionless shock formation      
+ particle injection	

Experimental approach F. Fiuza | November 8, 2016 | NIF DS proposal
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Requirements for collisionless shock formation
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Hydra simulations + Omega experiments!
show increase in density of x10 by doubling 
# of lasers and using dish target
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•  Future collisionless shock experiments optimizes the flow 
velocity and density 

•  Optical Thomson Scattering and particle spectrometers will be 
the main diagnostics 

Need to increase L/(c/ωpi) 
Need to decrease L/λmfp 



A custom-designed ~1-mm3 B-dot probe spatially resolved  
the axial magnetic-field strength in the solenoid gap 
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B-field measurements demonstrate a <5% spatial 
variation within a 2.5 mm radius of the gap center.  



Radiation-hydrodynamic calculations predict  
inertial collimation in the breakout plasma of conical targets 
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Pinching in this geometry is proposed as a mechanism 
that can form astrophysical jets from isotropic, stellar outflows 
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Pair production was shown to be primarily made 
through the Bethe-Heitler process 
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Lawrence Livermore National Laboratory LLNL-PRES-644860 
18 

Pair production was shown to be primarily made 
through the Bethe-Heitler process 
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Accelerators also use the Bethe-Heitler process to produce positrons. 

Experimental data 

B-H analytical 
formula 

Monte-Carlo 
calculation of 
B-H process 

Due to the Z4 dependence and necessity for 2 reactions for BH 
pair production, BH dominates for thicker targets (>20 µm). 


