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PLX is supported by a national collaboration
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Overview of other PLX-related posters in this session
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18.
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Plasma railguns for PLX, Doug Witherspoon (HyperV), TP9.00099

Single jet studies on PLX, Tom Awe (LANL), TP9.00086

3D liner implosion modeling using SPHC, Jason Cassibry (UAH), TP9.00104

Interferometry results from initial experiments on PLX, Liz Merritt (UNM), TP9.00091

Plasma jet merging studies at HyperV, Andrew Case (HyperV), TP9.00083

Minirailgun pressure and magnetics measurements, Sarah Messer (HyperV), TP9.00093
Construction of PLX facility and schlieren conceptual design, Colin Adams (LANL/UNM), TP9.00084
Pulsed power systems for PLX minirailguns, Sam Brockington (HyperV), TP9.00098

1D plasma jet propagation modeling using LSP, John Thompson (Far-Tech), TP9.00088

lon kinetic effects in hybrid-PIC LSP simulations of merging jets, Carsten Thoma (Voss), TP09.00082
Simulated spectral and imaging diagnostics for PLX, Igor Golovkin (Prism), TP9.00078

3D modeling of merging plasma jets using Nautilus, John Loverich (Tech-X), TP9.00096

Eulerian and Lagrangian plasma jet modeling, Richard Hatcher (UAH), TP9.00094

Numerical simulations of plasma jets for PLX, Linchun Wu (HyperV), TP9.00100

Hybrid algorithms for modeling plasma jets, Nicki Bruner (Voss), TP9.00080

Plasma jet modeling using ePLAS, Rod Mason (RAC), TP9.00097

Bounce-free spherical hydrodynamic implosion, Grisha Kagan (LANL), TP9.00103

Laser beat-wave current drive studies, Fei Liu (UC, Davis), TP9.00095
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PLX plans to generate/study cm-, us-, Mbar-scale
plasmas formed by spherically imploding plasma liners

Vacuum Chamber

Plasma liner formed by 30 _ |

. . Liner at
merging plasma jets Sta(?:ﬁ .
o

° !:\%AAL'A‘?!QT?R? PLX will use ~1.5 MJ of initial stored energy to reach ~1 Mbar peak pressures
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Motivation: PLX can provide a unique cost-effective

platform for experimental HEDLP science

Facility Shots/day (max) Cost/shot

NIF 2 $250k

Omega 10 $12k

Shiva Star (AFRL) 2 per week $150k

PLX >50 <$1Kk (based on >2000

shots/yr @ $2M/year budget)

» Los Alamos
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Motivation: magnetized* PLX plasmas could offer access to unique
data on magnetized HED plasma transport and stability

PLX can potentially access both Instabilities such as magnetic Rayleigh-Taylor

unmagnetized & magnetized HED regimes: modes can be studied:
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Motivation: Spherically imploding plasma liners formed
by merging plasma jets could be an attractive standoff
driver for magneto-inertial fusion

\ | /zse
\\ ,atc/hambor Wall
Nodi:l Roer
lasers for
magnetization s o %
/ |! A\
= Composite DT (yellow) and high-Z (purple)
jets are imploded to prp;~0.01 g/cm?

" DT is magnetized just before peak
compression (proposed method using laser
generated beat-wave current drive)

" Implosion speed ~100 km/s
" Dwell time ~1 ps
" Batch burn with ~10% fuel burn-up

Peak pressures ~100 Mbar

[ |
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PLX has three near-term science & technology objectives

1. Form dense high Mach number, high Z (Ar, Xe) plasma jets with
required density (~10'7 cm-3), mass (~few mg), and velocity (>50 km/s)

2. Demonstrate imploding plasma liner formation and predictive physics
understanding of underlying steps:

o jet evolution from chamber wall to “merging” radius r,,

o liner formation via jet merging (jet inter-penetration, shock dynamics,
uniformity)

- liner convergence (pressure amplification, atomic physics effects,
convergent instabilities/mix)

- Sstagnation (peak pressure scaling, conversion of liner kinetic energy to
thermal/radiation energy, confinement time)

3. Reach ~1 Mbar of peak pressure upon stagnation of spherically
imploding plasma liner

» Los Alamos

NATIONAL LABORATORY
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PLX phase 1 construction* complete with single jet
experiments underway (first shot 9/13/11)

Phase 1 complete (late-FY11):

= Spherical vacuum chamber mid-10-7
T base pressure

= One plasma gun operational, with
second operational by Jan. 2012

m  Multi-chord interferometry, visible
spectroscopy, photodiode array, and
CCD camera imaging operational

= Schlieren being bench-tested

Proposed phase 2 (by FY13), pending
HEDLP renewal:

= Increase to 30 guns and ~1.5 MJ
capacitor banks

= Add VUV spectroscopy, soft x-ray
bolometry

PLX 9’ diameter vacuum chamber in high-bay (9/14/11).

= Full liner implosion studies

+ Los Alamos *See poster TP9.00084 by C. Adams for details on facility construction/hardware

Operated by Los Alamos National Security, LLC for NNSA Stide 10 p I 7




Plasma guns by HyperV Technologies Corp.* have
achieved nearly the required performance for PLX

Hioh_7 C’E,_\S: 2 —iE Metal Latest results @ ~400 kA: 5-6 mg mass, 1016 cm-3,
'9 Gas |} ’—/ = /  Rails 44 km/s (peak currents expected to be >600 kA)
— i Projected Parameters
Fast Valve ull Boron Bore size 2-5 cm square or rectangular
RinQ—ALCercmic mlézl|i?or Length ~30 cm
Electrodes o < ‘ L’ ~ 0.5-0.9 yH/m (augmented)
_L—”—\ Metal Rails Cu, W, Ta, GlidCop
- S1 = l Rail —\‘ Insulator BN, Si3N,
| — | : Current <500 kA
L — ] Pulsewidth 10-15 ps
_/’ * Ceramic Circuit type probably simple RLC
quillgry Holder Capacitance ~40 pF (total)
= Bank energy ~50 kJ
Voltag ~40 kV (goal
Figure 12 Railgun with two versions of plasma injector, (top) ceramic capillary with fast valve gas injection, oTase (goal)
. : ‘ L : . . . Armature mass 8000 pg of Ar or Xe
{bottom) polyethylene ablative capillary. The dimensions of the railgun relative to the injectors are not quite
to scale here. Vinjection ~ 1-2 km/s for xenon
~ 2-3 km/s for argon
Ve 50 km/s

Some potential issues:

pfn constrained by available capacitors
Current sheet canting

Leakage through current sheet

High collisionality may help

*See poster TP9.00099 by Doug Witherspoon for details on gun development and status
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Diagnostics effort led by University of New Mexico* is

being implemented in two phases

Experiment Stage Quantity | Diagnostic
2-5 Jets Merging n, Interferometer
Schlieren Imaging
Stark Broadening
Visible Imaging
T, Spectral Line Intensity Ratios
Mach # | Doppler Broadening
Imploded Plasma Liner n, Interferometer
Schlieren Imaging
Region I Stark Broadening
(Outer Liner at Stagnation) Visible Imaging
T, Spectral Line Intensity Ratios
Region 11 n, Stark Broadening
(Inner Liner at Stagnation)
T, Spectral Line Intensity Ratios

P(n,, n;, T} Bolometry

» Los Alamos

NATIONAL LABORATORY

*A. G. Lynn et al., Rev. Sci. Instrum. 81, 10E115 (2010)
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Theory/modeling including generation of synthetic diagnostic data
coordinates efforts of many institutions using many different codes

e e o

jet merging, liner UAHuntsville SPHC 3D smooth particle hydrodynamics
formation/implosion, peak (meshless Lagrangian)
pressure scaling

liner implosion LANL, Tech X RAVEN, HELIOS, 1D rad-hydro (RAVEN, HELIOS) & 2D
Nautilus two-fluid MHD (Nautilus)

jet propagation/merging Far-Tech, Voss, LSP, Nautilus, PIC w/atomic physics, two-fluid MHD,
Tech-X, UAHuntsville SPHC 3D smooth particle hydrodynamics

jet formation/acceleration HyperV, Voss, MACH2, LSP, Rad-MHD (MACH2), PIC w/atomic
UAHuntsville, RAC ePLAS physics (LSP), hybrid-PIC

effects of atomic physics Prism, Far-Tech, PrismSpect, LSP, DCA atomic physics (PrismSpect),

on jet propagation and Voss, LANL, HELIOS, Nautilus  others given above

liner convergence UAHuntsville, Tech X

predictions of spectral Prism, UNR, LANL PrismSpect, DCA atomic physics

lines for diagnostics Spect3D

laser beat wave Voss, LANL LSP PIC

generation

» Los Alamos
NATIONAL LABORATORY
EST.1943
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1D rad-hydro simulation study* using RAVEN revealed evolution of
imploding spherical plasma liner and peak pressure scaling

1.0E+06
Initially spatially uniform Plasma T,~10 eV data not included
Liner: p=p,, T=T,, v=v, a in power law calculation |
**No Target** Outgoing shock O i 7 e e Y« - S
forms upon liner §ul.0E+05
stagnation at R=0 n:E

w
o
=
3
S~
w

LOE+04 -
P, =72.855M145%

P, = 40.23)14%2
P, = 24131014407

AL o p=1.66e-4 kg/m?
4 u p;=6.63e-4 kg/m?
' A py=2.65¢-3 kg/m’?
® p,;=1.06e-2 kg/m?3

IAR LOE+03 -

Noramalized Presure: P,

Stagnated plasima
behind out-gomg LOE+02 - HERERNNERN . , |

a shock 0 20 40 60 80 100 120 140 160 180
Initial Mach Number: M

FIG. 1. (a) Initial configuration used in 1D plasma liner simulations. Plasma 5
(@) © P FIG. 11. RAVEN calculated normalized pressure {P, = P../(povo/2)}

with constant density, temperature, and fluid velocity extends from ri, =Ry, versus initial Mach number (M) for 4 different sets of the 16 simulations
t0 rou=Rm+ AR. Simulations contain no target plasma. (b) The plasma defined in Table II. Data are grouped according to the simulation atomic
configuration after collapse upon the origin. A spherical shock wave propa- species, 7, and T, by the dashed rectangles (Ar, y=5/3, T, =1.0 eV), solid
gates outward into the remaining incoming liner plasma. Behind the shock ovals (Xe, y=5/3, To=1.0 eV), solid rectangles (Ar, y=5/3, To=10 eV),

and dashed ovals (Ar, y=1.1, T, = 1.0 eV). Separate scaling laws have been
edge of the liner meet fit to the T, = 1.0 eV data for each initial density. Po:v&r law scalin‘;gdiunc-

: tions are best fit to the data and given by P, oc My ™, P, oc My ™, Py
oc My, and P, oc My"*, for po=1.66 x 107*,6.63 x 107*,2.65 x 1072,
and 1.06 x 102 kg/m3, respectively.

front, high-pressure stagnated plasma persists until the shock front and outer

> Los Alamos *T. J. Awe et al., Phys. Plasmas 18, 072705 (2011)
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Smooth particle hydrodynamic simulations are exploring pressure
scaling, mix, and 3D effects with very encouraging early results!

5 a
10 + .
0 o (a) Pressure scaling
5 ° _8 =
] . .
) R (b) Mix events occur mostly after stagnation
10 o o 22 -
Ay ° ° 44 c) initial liner non-uniformity is smeared out by
L) .
: ° 56 stagnation
103_ . 74 -
~ 2
Pbar Ppeak/(pv /2) ° i;
M/20 o
. — 2 X 10 -(IS/M) +4.25 ° 400/ l=4.8}l§ t=6.s;ls
10 ! ; ! . 4 i
20 80 / 100 , z
u.¥ . i b f v 5 o
g 2 E_ ;‘2 5
0.61 (tpeak 4«5 s Jo‘s o 4o.s
@ 0.4 ¢ ¢ (b) "
= > tcollapse &7 / 4 4 4 10*
; 10°
0.2} \ & H , § 5 lm:
off et el kS = =0 }o 10
o Ey = 0 ’ 10’
02‘\ o ; . ' e
5 05 : 05 : 05 > -3
ime (Us) o - = ™ Bt Toa: ¥ ¢ el M " :34
° !;935'3{!)3% *See poster TP9.00104 by J. Cassibry (UAHuntsville)
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Experimental campaigns in 2011 & 2012 are addressing jet
propagation and 2 jet merging physics issues

Single jet propagation/evolution:

= Developing a predictive capability for
evolution of jet n, T, v, B, Z 4 during
propagation

m Jet profiles and their effects
= Impurity effects

m Effects of unforeseen phenomena such as
filamentation or other jet structure/dynamics

Two jet merging:
m Jetinter-penetration and mixing length

= Shock formation/dynamics and heating

m  Post-merge plasma properties

« Los Alamos

NATIONAL LABORATORY
EST.1943

Operated by Los Alamos National Security, LLC for NNSA Slide 16 p I =)=
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Plasma gun with a Delrin insulator is being fired for PLX facility
and diagnostic shakedown at <300 kA gun current

HyperV Mark-1-H railgun with HD-17 Capacitor banks: (front) PI (40 kV, 0.8 puF) & gas
rails and Delrin insulators valve (20 kV, 24 uF); (back) gun (40 kV, 36 uF)

(@) t=38.7us; 20ns gate
(b) t=16.5us; 3ns gate
(© t=29us; 20ns gate;
v~11km/s
F-- () t=29us; 20ns gate;
v~19km/s
() t=28.7us; v~21km/s
® T=39us; v~11km/s
16 cm

» Los Alamos
NATIONAL LABORATORY
EST.1943

Operated by Los Alamos National Security, LLC for NNSA Slide 17 CCD images by Tom Awe (LANL) p L%




Shot data including gun current/voltage and photodiode signals
are evaluated immediately after every shot — over 250 shots so far
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Gun operating characteristics are mostly as expected (but most of
chamber pressure rise likely due to Delrin ablation instead of argon)

6
24
22 ES S
= 5 @
g O = 4
()
g 18 2
O
2 16 g3
= (o
© 14 E 2 X
12 5
S 1
10 | | ©
190 240 290 0 . |
Gun current (kA) 190 240 290
Peak gun current (kA)
+ Los Alamos In our chamber p=1 mT = N=3.5x1020 atoms or molecules at T=298 K

NATIONAL LABORATORY
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Multi-chord interferometry* confirms expected jet density (~1016
cm-3) & velocity (10-20 km/s) ranges, and a sharper leading edge

profile than modeling predictions

Line integrated n, (1016 cm'z)

3

Sim C:n=10"" em™, vp = 12.5 km/s

25 T T T T T T
chord 1
. LSP modeling chord 2
chord 3
x10'¢ Line-Integrated Electron Density vs Time for Shot #135 R
7 T T T T T T T T T T T 15
: 5 : ; : : All distances measured chord 2
2N NOE WO . S N . from the end of the gun | | 0k chord ©
: muzzle. chord 7
P 3 chord 8
Bho U 30N - SO SO SUIE.. O W —795cm |- 5T
——73.1cm
Y SO WS WU VI ) T O S . N —668cm| :
‘\.‘E . —604cm
E_, 54'1 cm 1 1 1 1 1 1
N | SRR -47.7 em | 5
S 5 S l—414em 0 10 20 30 40 50 60 70
o’ §
—_— 2 ................................................ - t (us)
Lolels ‘ line integra‘ted number density vs time
1 .............................. = — chord 1
: ’ ] — chord 2
' f — chord 3
Al D e e —— chord 4
Vs 2 AR T e I ety 23 P R PN . e 081 chor H H
0 ’ - ~ : :k - : ) o Nautilus modeling, n=10"" cm-3, T=3 eV,
i k = *nPea § — chor —_
1 | t(3"b) [Vavs |— 6.35IcmlAfavg(.3 ‘ne )Ts 12 kr]nls g — c:org; V=13 km/s
4 5 8 9 10 11 12 13 14 15 %“
Time [sec] x10° £
%044
*Interferometry data by Liz Merritt
(UNM); see poster TP9.00091 for details
° Los Alamos 00 20 40 60 - 80 100 120 140
NATIONAL LABORATORY time {microseconds)
EST.1943 . . ‘""’
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Photodiode array gives plasma jet velocity which goes up roughly
linearly with peak gun current

Photodlode Slgnals for Shot Number 163

08 25 *
7D 2. TCm from muzzle
—D= 27.7cm from muzzle
0.6t — D= 52.7cm from muzzle|
. 23
Vs 5 250m/(t2 - t1)
gO X =13.9 km/s -
¥ 7| Signal ” _ 1 €
g 'g;‘:s Vs = 25cm/(t3 t2) 5; 21
g to =15.6 km/s S
02| Ireflection §
19
0 1
3 17
i 20 40 60 80 100 120
Time (us) 15

» Los Alamos
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We see clear evidence for jet acceleration during
propagation, and do not yet understand it...
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Survey spectroscopy indicates the presence of Ar | and impurity

lines — Absence of Ar Il suggests 7.<1.5 eV

o: Contaminant

1.0 1 Ar-II 1!
A: 696.54
B: 706.72
0.8 A C: 738.40
i D: 750.39
— E: 763.51
- 0.6 F:772.38 il
< Y G: 794.81
Z #  H:800.61,801.48 | ﬂ
7 i I: 811.53 E 2 y
= 3 . &
S 0.4 i J: 826.45 :
= K: 842.46 b ;
= L: 852.14 D || |i Gyt
02 i A : &
AN A
KA l o | e
MU e AR
0.0 =
640 660 680 700 720 740 760 780 800 820 840 860
Wavelength [nm]
—1.0eV (LTE) --1.5e¢V (LTE) —2.0eV (LTE) - PLX: Shot 37
- Los Alamos
OperatedEt;;E;as Alamos National Security, LLC for NNSA Slide 22 Plot by Tom Awe



Spectrum obtained 25 cm from gun nozzle shows systematic
changes across jet’s axial extent

1

Intensity [normalized to 811 nm]

===
20+
t 68969 s
1 .
0 A1A LA 5555'==§S§i5'5:’5."=‘5
740 / 780 800 820 840 860
> Los Alamos A [nm] Relative strength of O-I line at 777 nm grows versus 811 nm line intensity

NATIONAL LABORATORY
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Detailed comparisons between survey spectroscopy data and
numerical modeling is underway
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Plot courtesy of MacFarlane, Golovkin, Awe, Thoma
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A cosmically-relevant collisionless shock experiment will be
fielded by colliding two plasma jets head-on*

Table 1 Proposed reference experimental values, and evaluation of the resultant physics criteria against

Drake’s [Drake, 2000] criteria for a cosmically-relevant collisionless shock experiment. All speeds are for the
laboratory frame of reference. R. P. Drake, Phys. Plasmas 7, 2690 (2000)

parameter jets at collision jets initial

species H* Bt

density (cm~3) 3 x 101 ~5x 1015

temperature (eV) 1 2.5

speed (km/s) 100 100

magnetic field (G) 1000 (applied) 50 (decays quickly)

length L (cm) 50 35

radius R (cm) 15 5

background vacuum pressure (Torr) 10-6 10-6

shock speed V, (km/s) 167 N/A Bow shock around young St
post-shock T; (eV) 139 N/A (image credit: Hubble Instit
criterion (see Sec. 3.2) estimate for proposed experiment

2R/ pi > 1 25 vacuum chamber
pOSt-ShOCk ﬁ b | 1.7 (9° diameter sphere)
My>1 2.1

Aifpi>1 ~ 10 (quasi-1) and 2-3 (quasi-||)

Ry >1 ~ 100 Planned setup
Ain > L > 2 (1% neutrals in jet)

WeiTerp > 1 20 jetA  jetB
L/(c/wp) > 1 40

un A |

Legend for figure on right: 1—unshocked plasma of jet A, 2—left

going shock, 3—shocked plasma of jet A, 4—where jets A/B collide, s
5—shocked plasma of jet B, 6-right going shock, 7—unshocked

plasma of jet B.

» Los Alamos

NATIONAL LABORATORY
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Collisionless shock research issues we hope to address

Stretch Probably
goal not

Shock structure

Particle acceleration

B-field generation

Formation time

Formation mechanism (filamentation,

Weibel?)
lon vs. electron heating

Particle injection

Role of B-field on above

» Los Alamos

NATIONAL LABORATORY

EST.1943

X (above
thermal)

X

X (>>
thermal)

Operated by Los Alamos National Security, LLC for NNSA
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Collisionless 1D hybrid-PIC simulations of colliding jets using
planned parameters reveal complex interaction

(a) wp,-rz'IO (b) *

. shock?
(@) Vv, normalized to 5 . | ZWL

V=120 km/s; x
normalized to c/w),

0

> 0f . energetic 50 60 70 80
. i x (gm
) B, normalized to 1 kG; ] / particles )
n; normalized to 3x10" -6 2 _
cm3; T, normalized to 0 50 100 »
10 eV x (cm) i 2 ‘
0 k"“&
6 i 50 60 70 80
, , x {(¢m)
As B-field varies to parallel,
there is more penetration and > OF
longer time for shock 40
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We are setting up 2D hybrid-PIC simulations to determine
requirements on initial plasma jet parameters
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Summary

= Merging plasma jets and imploding plasma liners have many applications
o Assembling repetitive cm-, pus-, Mbar-scale plasmas for HEDLP scientific studies
o  Collisionless shock and other plasma astrophysics experiments

o Innovative standoff driver for magneto-inertial fusion (MIF)

= PLX plans to explore/demonstrate formation of imploding plasma liners to ~1
Mbar peak pressure using 1.5 MJ of initial stored energy

m  Focus will be on predictive physics understanding of:
- Plasma jet propagation, expansion, merging
o  Liner formation and convergence

o  Stagnation dynamics determining peak pressure and dwell time

m There is a coordinated multi-institutional theory/modeling effort using many
different codes

m First plasma fired on PLX 9/13/11, with single jet propagation experiments
underway and two jet experiments planned Jan—May 2012
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