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Figure: we envision RAMSES as a 3 v e r tsitcaacok jenvironment,

transport, coupling, and response physics applications wherein each
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A This application talk highlights an example of this broader strategy:
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covering threat spaces is critical to assess weapon survivability @ Radiation Environment

A Results from two RAMSES codes are covered in this talk: “¥ Radiation Transport
A Integrated Tiger Series  (ITS): radiation transport code first Electrical Insult due to Plasma
released in 1984 ‘
: : : Electrical Insult due to EM
A Empire : pl asma simul ation code dev<x A
ASC/ATDM program starting in 2015 ¥ Device Response Modeling I
A Scalable solvers, discretization packages, I/O libraries, among others Circuit Response Modeling
from Trilinos are heavily leveragedand cr i ti cal t o Empj Formal Methods

continued success in simulating these larger problems at feasible
computational cost
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20 keV photons

.

A set of 1D (TIGER), 2D (CYLTRAN), and 3D (ACCEPT) Monte Carlo coupled
electron/photon radiation transport codes

Finely Subzoned Ag Detector
Above BonefTissue Facet Model

Written in Fortran (with CAD and facet geometry capabilities enabled using C++) Has Over One Million Facets

From Visible Human Project®

Continuous -energy/multigroup cross sections available through XGEN/CEPXS

Traditional (Forward) Transport

ITS-Simulated Dose{Ag) Distribution

A Tallies for energy and charge deposition (Figures: right), photon and electron
flux, photon and electron escape, electron surface emission, pulse -hei ght ,

A Magnetic fields (in materials and voids) and Electric Fields (voids only)

Adjoint mode calculations available in 1D and 3D codes
A Assessing dose from multiple source spectra in a single calculation

Generating dose response functions that can be used long after the initial I
calculation.

A

A A direction -sphere output capability to display a dose -direction map (Figure: left),
and associated ray -tracing capability

A

Facilitates mass -sectoring calculations, Allows fast scoping of complex geometries
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The eNvirIRE Plasma Simulation Code

Fields

Plasma & Neutrals
Photons
Discretizations

Domains
Meshes

Field BCs
Particle BCs

Surface models
Collisions

Particle controls
Massively parallel

Performant
Portable

Controls
Output

Electrostatics (ES),Electromagnetics (EM)

Relativistic PIC , Stationary Fluid (", = ) with Conductivity
macroparticle transport, photoemission, photoionization
Fields  Finite Elements + Time integrators (various)
Particles: Velocity Verlet (+ Boris Push for EM)
Fluids: Forward Euler, SDIRK

0D, 2D Cylindrical, 2D/3D Cartesian

hex/quad (ES/EM), tet/tri (ES/EM/PIC)

Voltage (ES),1D circuits (EM), Periodic, Dirichlet, Z, PML
Periodic, Reflecting, Diffuse Scattering, Absorbing,
Secondary emission, Foil transmission

Q /ions (beam, SCL, GTF), neutrals (thermal desorption )
'Q /photons ( ITS/HDS5 source ), surface heating

DSMC, MCC (cross-section or rate -based)

two body (in)elastic, excitation, ionization , CX, chemical reactions

merge schemes with Gauss-law -preserving techniques
CPUs, GPUs

scaling demonstrated to 2048 nodes, 1.3B elements, 65.6B particles
Kokkos enables coverage for SNL HPCs NRL (Nautilus, Narwhal), Tri -lab:

V' LANL Trinity (ATS1) V' LLNL Sierra (ATS2) V  LANLcrossroads (ATS3)
C LLNL El Capitan (ATS4)

vV SNL Astra (Vanguard)

Restart (checkpoint) capability available

high fidelity formats  : Exodus Il  (mesh data), HDF5(particle data), csv (histories)

|

S

/',
j{". (

+—
|
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without platform -specific code

B T

v

Kokkos
performance portability for C++ applications

Kokkos MPI+X parallelism enables Empire on platforms [[ml
|

Multi -Core Many -Core APU CPU+GPU

Cornerstone for performance portability across next -generation HPC architectures at
multiple DOE laboratories, and other organizations

Slide from Cyr, E. C. et al. The EMPIRE Code Suite: Status (Oral Presentation). Z Fundamental Science Workshop (ZFS) 2018. July 29 - August 1, 2018. Albuquerque, NM USA. SAND2018 -8046C



Shards Linear Belos

Cell topologies STI\VETES
Ifpack2

Intepid?2
Kokkos, p _ Iterative methods _
KokkosKernels FE basis library (Jacobi, SO Alg abstraction

Data Teuchos Nonlinear

Krylov

SerViceS So|vers

Param lists

Thyra

I
13 | Trilinos Use in EMPIRE package list m

Portability Phalanx AMesos? NOX
Tpetra DAG assembly Sparse direct solvers Newton -based solvers
Linear algebra builder FRIEZE Anasazi
Front end to SEACAS, STK, _
Zoltan2 Percept Eigen solvers
Mesh decomposition SEACAS Stratimikos
S I/O Exodus Front end to solvers
amgen
. _ STK Teko
inline mesh generation _ _
Sierra Mesh Toolkit Seg block solvers I
Percept

MueLu I

Mesh refinement Algebraic Multigrid

Empire directly uses 22 packages (enables 38 due to dependencies) i
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Empi r e As-infal(RlQ) scheme solves the equations of motion

20 (o

O
Q0 ©
Qw O

. The PIC
SCUIVERE  Agorithm Forces

K+ 0 [rpoetd) o © | dwio]

Qo0

encoded by the plasma kinetic equation for each particle ( n):
Q@ 1T Q 1 7Q .1 "Q(Y 52
Kk o e

Qo "1 O tﬁ th o Particles .
with fields evolved according to the Maxwell curl equations: Flow diagram showing a pure PIC timestept
T
(O] T solved in strong form At_l]l_}': Kpn ABY\ _(rB
'F P Py solved in weak form —K}:M;(;L_l) At_lMg (E) AE I'g
'|'_o T_‘ ” T_ where 1  discrete curl operator, N  mass matrix, \|=identity matrix, _ I
Using compatible discretization decisions 23 ensures the and. label operators acting on face and edge spaces, Qis the characteristic
. . - . mesh dimension which labels quantities as spatially discretized versio  ns of
Maxwell divergence constraints are satisfied for all time their continuum counterparts, 30 timestep width, » residuals

1Pawlowski, R. et al. EMPIRE: A Performance Portable Plasma Simulation Cod®ral presentation). 2021 Trilinos User Group Meeting (TUG21). SAND2021 -15038C
2Nédélec J-C. Mixed finite elements ina . Numerische Mathematik , 35(3):315z341, 1980.
SRaviart P-A. and Thomas, J. T.A mixed finite element method for 2nd order elliptic problems . Mathematical aspects of finite element methods, volume 606, pages 292  z315. 1977



15 ‘Trilinos use in Empire Example: EM Solver

(s o) )2
) Condins )

At_l]l}' Ky,
KM () A Me(e) ) T \—AKTM(u ) 1
Assemble Schur Compliment ~ Sg = At~ Mg (e) + AtK: M(u~ 1)Ky,

as monolithic matrix

At_l]l}‘ Kh,
CKIM(u!) A M (e)

AB
AE

rp
I'e

At_l]lg
0

SeAE = —rg + AtKIM(pYrg
AB = —AtKhAE — AtI‘B

Solve for 3 Fwith PCG:
Explicit back solve for & ||:

Bettencourt, et. al., EMPIREPIC: A Performance Portable Unstructured Particlein-Cell Code 2021
Lourenco Beirao de Veiga, Konstantin Lipnikov, and Marco Manzini, = Mimetic Finite Difference Method for Elliptic Problems
Bochevetal, An al gebraic multigrid approach based on a

B € Hv(Q)
E € HVX(Q)

Kp
Se

Meshing:

STK, Percept,

SEACAS, Panzer

Data Structures:
Kokkos,
KokkosKernels,
Tpetra

)

Assembly:
Shards, Intrepid2,
Panzer, Thyra

Linear Solve:

A Uses RefMaxwell AMG
with Conjugate Gradient

A Chebyshev smoother

A Precond setup once

A Belos, Teko, MueLu,
Ifpack2, Amesos2,
KokkosKernels, Zoltan?2

cp2008ati bl e

gauge refor mul ationI



6 1 Outline
A RAMSESA role in SNLAsS mission space

A Code overviews: ITS, Empire

A Pulsed power at Sandia

A RAMSES Simulation Results and Impact to Pulsed Power

A Outlook and Future Impacts




Pulsed Power at Sandia

17

A n o ——
LA thﬁ\'x‘t¥k£~‘-‘~‘——" — *’
LA AARRDOTEEEE

i
- y 7% 3 Uy
Sy [

—

A!(_‘ o ., ’

7 ~ saturn HERMESHII

Note: only the 3big Sitps:/avive.sasdla.gov/pulsedb pawer/resesrehe-facilities/ f or mor e a more expansive |is l


https://www.sandia.gov/pulsed-power/research-facilities/

18

Pulsed Power at Sandia

T T ‘

L L

et

-

’ ;!tzc -', -
Saturn HERMESIII
o : . L . . L & NIF testin Saturn testing
A Delivering on national security : survivability testing e ~ HERMESIII

Y /,»"'equivalent“x\

§ fluence accessible

= |accessible \: with e-beams.~

> 0 e - -2
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Figure: PPAs create the radiation environments critical for
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L . . L : . L & NIF testin Saturn testing
A Delivering on national security : survivability testing e ~ HERMESIII
. . . . . » o ~“equivalent *-.
2- U ’/ \\
A Enab_llng g _b 5 g i e meseargh?: material EOS,opacities HED c fluence accessible
physics, fusion 2 |accessible\ with e-beams.
drive Uncompressed cathode anode / flyer E Wlth p|asma _______ ) )
e . N % |radiatia accessible with
’ ° 00 bremsstrahlung I
° o Q [sources sources
° ° log energy
_ anode / sample sample _ Figure: PPAs create the radiation environments critical for
X-ray sources Isentropic compression expts shock expts fusion the nationAs weapon sur vi I

Note: only the 3big Sitps:/avive.sasdla.gov/pulsedb pawer/resesrehe-facilities/ f or mor e a more expansive |is
2Target figures from D. Sinars et al. Review of pulsed powerdriven high energy density physics research on Z at SandiaPhys. Plasmas 27, 070501 (2020)
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Saturn

Delivering on national security : survivability testing

Enabling 3 b 5 @ i e meseargh?: material EOS,opacities HED
physics, fusion

There is significant programmatic interest to progress
modeling  capabilities such as RAMSES to enable
simulation -based decisions in pulsed power: to support
refurbishments , to vet new ideas for meeting design targets,

and

only the 3big

0om | &

HERMESIII

Z & NIF testing

HERMESIII
_~“equivalent ..
fluence accessible
accessible . with e-beam,s,x"

log x-ray fluence

Saturn testing

Wléh plasma _____ accessible with
raciaticy bremsstrahlung
sources e

log energy

Shitps:/Avive.sasdla.gow/pulsed b @awer/resesrehe-facilities/ f o r mor e a

Figure: PPAs create the radiation environments critical for
the nationAs weapon

more expansive

2Target figures from D. Sinars et al. Review of pulsed powerdriven high energy density physics research on Z at SandiaPhys. Plasmas 27, 070501 (2020)
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LT T .

Saturn HERMESHIII

A Work coveredin this talk: Z upgrade

A Work impacting behind-the-scenes next-generation pulsed -power (NGPP)
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An 80 TW pulsedpower accelerator used to drive various spanning cold Xray
sources (e.g., Tungsten wire arrays), flyer plates (dynamic materials research), implosior
targets (EOS and opacities research), and fusion targets (MagLIF)

—

.A-ﬁ-..—r—: _— 80 T T T T
a0 —Marx generators ﬂ
< 60 t —pulse-forming lines ﬁ
E —insulator stack
g 40 t i
3 20!
Marx Generator : — ] R 0 L .
(22 M Stored) Samar ' 0 0.5 1 1.5 2 2.5
time (us)
Pulsed -power driver: I
A Marx generators © pulse-forming lines © convolute © load A Energy storage: 36 Marx banks, 20 MJ total
26 MA (80 TW) peak; load dependent A Pulse Compression: 1.5 ‘s© 600 ns © 100 ns

Figures from D. Sinars et al. Review of pulsed powerdriven high energy density physics research on Z at SandiaPhys. Plasmas 27, 070501 (2020)
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vastness of scales

Power flow over system size

system size

pulse duration (100 ns)

EM wave speeds in media (0¥ p)

near-vacuum prt  Torr)
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Detailed MITL physics

Target

e
/ 4%
' Inner
MITL
Double post-hole

“ convolute
Q

—\ Four-level
outer-MITL system
(vacuum section)

space: Debye lengths ( m)
time : electron freqs (THz)

velocities : desorbed neutrals ( OFwD p TT )

densities : plasma densities ( pm Al ) vs.

VS.

VS.

VS.

VS.

vastness of scales

Power flow over system size

system size (m
pulse duration (100 ns)
EM wave speeds in media (0o p)

near-vacuum prt  Torr)
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Detailed MITL physics

section !

Target

3

Double post-hole
convolute

Four-level
outer-MITL system
(vacuum section)

Z:. multitude of processes

Power flow over system size

VS.

anode \V/VAN
| ®1D100T EAE AL I
Lpstream Electro magnetic - 6 ® Space-charge limited . Ohmie SCL'O emission ‘(Ij'henmw! em load
D wave propagaton | Al & (SCLY2 emission Na:Edineg of meutralds  expamsiom (Om
® k: k: k+>1
Most germane processes to correctly simulating pulsed power operation, i.e. a non -exhaustive list! I

How can we simulate a meters -long system requiring micron resolution over 100 ns at

p T s timesteps? I
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Detailed MITL physics Power flow over system size

Target

Inner
MITL

Double post-hole
convolute

outer-MITL system

(vacuum section) V S ]
upstream
{anode MA
Elect ti ® Space-charge limited "F‘Mrli/“” }‘ i‘ i\ I
ectro magnetc _ a TR
1D SN _ ? Q ALK (SCL)Q emission Onimi€ SCL'O emission gmmlxm elm load
i Al IS - R p! X —_— >
wave propagation (03] N:Edimeg of meutralds  expansiom I
® wA A RA
e CAthOdE MA
Solution : 1D-3D computational model z TEM wave propagation in 1D transmission line domains (meters) I

are coupled to a single 3D EM -PIC domain downstream (centimeters) simulating the details MITL physics
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28 Detailed MITL physics Power flow over syste

Target

i 1@

MITL

Double post-hole
convolute

outer-MITL system

(vacuum section) VS

Py ™ =TS

4 el Ty ¢ 3 )
— - = | 14 L
: g i T % b 2 '
= e i . I - R b s . Y
4 N ‘
f Iy o 4 . & By > | ] o8 ; gl i
AR LE i . = 7,
[ ) v y 11§ N o = — S s
8 T .| (i r 7 o e
| L ‘ gaa— i g e E )
B Pibans y P o< g o
- g . 8 k{r e = 4 ~ : : ¢
= ’ A Baslf
upstream |
“ I

1anode MA
Elect ti ® Space-charge limited i’\frfrlw“rli,;.o “t j" j"
eCctro magnetuc _ a A ] ectradée:
1D _— ..—? ® AL (SCL)Q emission Onmi€ SCL'O emission mt:mn e:)hsm load
wave propagation  |Al @ NeEding of meuttalss  expansiom ’
® RA A RA
tml“ns] 150 200 \ 4 vV YVYVYYVY Y *
e CAthOOE MA
Solution : 1D-3D computational model z TEM wave propagation in 1D transmission line domains (meters) I
are coupled to a single 3D EM -PIC domain downstream (centimeters) simulating the details MITL physics

not worse, Jvastness}4} of scales and 3mul tit udiees!



Self-consistent machine -scale simulations enabled through 1D |
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1. A 1D/2D full circuit model for Z was developed in BERTHA

| T T T I e TS ‘ s YT T _
== — ‘h— i : ‘; =2 . |
Oal
O
d .. 0 qaered Ore SOV AT I

ap Ceparalurs I



Self-consistent machine -scale simulations enabled through 1D |
30 Itransmission line 3D EM PIC domain coupling m

1. A 1D/2D full circuit model for Z was developed in BERTHA

Shot 2313 Shot 2546
30-""I""I'"'I""I""I""I""_ 25 prerrrrrr eI TrrrTTTTY [ 3
o5F — d stack 3 = measured stack ] . .
Z 50f - - simulated stack ¥ 22 - simulated stack : circuit model
£ 15~ simulated load E i‘ 15} *~ simulated load 1 predictions agree with
@ E = - i
o 3 (% o measurements for
o E °F various shots
0 n = o b oo b b ol oo aruttinan ahs e e
. . 2800 2850 2900 2950 3000 3050 3100 315( 0 2700 2800 29I00 301[;0 3?(-}0 320(
Full BERTHA circuit model Time (ns) Time (ns)
- XTI ] [!]H’ 1IN ]
OTL2 & ‘ ' A
Water  Stack&  Vacuum
Marx | IS | PFL I OTL1 | Convolute | MITLs IConvc:Iute |
Upper | | [ | ! | | |
Module [~ [+ o A o [ L 5015 N B .
we) | T FTT T IR
| | | :}_‘{ | |
I I | A T I I
J——— | N
Lower 1, | | | |
Module - — — | ! I
(x18) | i | B | :
I | I I | | I
LTGS Main WS Pre-Pulse ' ' ‘ T
WS a
0-D 1-D > 2-D 1-D ate hulse a6 . I
Or€E SNV AIX

(Hutsel, B. T. Phys. Rev. Accel. Beams21, 030401) g ap GENEIAL00SS I



31 I transmission line 3D EM PIC domain coupling

1. A 1D/2D full circuit model for Z was developed in BERTHA

Self-consistent machine -scale simulations enabled through 1D [[ml
2. Equivalent 1D Empire transmission lines were defined based on 1 |

1D
Full BERTHA circuit model Empire transmission lines
TR L0 0] 1810 ) 1
OTL2 & VA ‘ ’
Water Stack&  Vacuum ' -
Marx IS PFL  OIL lCoanute MITLs IConvqutel
Upper ! | -, ! | |
Module H o e T I | B G
(x18) | ] | B | o
| | | | | |
I | | | | |
S N N T |
Lower —l 1 - | r 1] i | |
Module [~ .13 o a5 | ! |
{118} i i ] i i {HESHIESH [ i :
' LTGS MainWs Pre-Pulse ' z
WS
0-D 1-D > 2.0 1-D ate o oy 15 Mlark I

(Hutsel, B. T. Phys. Rev. Accel. Beams21, 030401) s " 5 : ap ‘ GENEIALO0SS I



Self-consistent machine -scale simulations enabled through 1D
3D EM PIC domain coupling

for Z was developed in BERTHA
2. Equivalent 1D Empire transmission lines were defined based on 1

32 I transmission line
1. A 1D/2D full circuit model

3. A 3D Empire EM-PICdomain was created from CAD

3D
Empire

Full BERTHA circuit model EM.PIC
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Self-consistent machine -scale simulations enabled through 1D
33 Itransmission line 3D EM PIC domain coupling

1. A 1D/2D full circuit model for Z was developed in BERTHA
2. Equivalent 1D Empire transmission lines were defined based on 1
3. A 3D Empire EM-PICdomain was created from CAD

D
(Z convolute hardware)




Self-consistent machine -scale simulations enabled through 1D |

34 1 transmission line 3D EM PIC domain coupling m
1. A 1D/2D full circuit model for Z was developed in BERTHA 1,

2. Equivalent 1D Empire transmission lines were defined based on 1 |

3. A 3D Empire EM-PICdomain was created from CAD A,

Fig: convolute hardware

CAD CAD
(Z convolute hardware) (minimum periodic unit)




Self-consistent machine -scale simulations enabled through 1D |

35 1 transmission line 3D EM PIC domain coupling m
1. A 1D/2D full circuit model for Z was developed in BERTHA i.

2. Equivalent 1D Empire transmission lines were defined based on 1 '

3. A 3D Empire EM-PICdomain was created from CAD A,

Fig: convolute hardware

CAD CAD Cubit™

(z convolute hardware) (minimum périodic unit) (simulation volume)




Self-consistent machine -scale simulations enabled through 1D

36 1| transmission line 3D EM PIC domain coupling
1. A 1D/2D full circuit model for Z was developed in BERTHA ;‘?17;
2. Equivalent 1D Empire transmission lines were defined based on 1
3. A 3D Empire EM-PICdomain was created from CAD A,

Fig: convolute hardware

CAD CAD Cubit™ Cubit™
(Z convolute hardware) (minimum periodic unit) (simulation volume) (simulation mesh)

unstructured tetrahedral mesh




Self-consistent machine -scale simulations enabled through 1D
37 Itransmission line 3D EM PIC domain coupling

1. A 1D/2D full circuit model for Z was developed in BERTHA
2. Equivalent 1D Empire transmission lines were defined based on 1
3. A 3D Empire EM-PICdomain was created from CAD

Fig: convolute hardware
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We can simulate all major processes germane to power flow Z

Time: 125.618 ns

38
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We can simulate all major processes germane to power flow Z

Time: 125.618 ns
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We can simulate all major processes germane to power flow Z |

Time: 125.618 ns |
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Reaching for higher targets in pulsed power:
41 variable -impedance MITLs

A Programmatic interestinhigher -cur r ent accel er at orgsen e¥rZa tuipognm apdueljs, e d¥ n

A Recent studies * suggest MITLs having a variable geometric impedance give significant advantages

t potential means to reduce inductance and deliver more current to the load

A Existing pulsed power has been engineered using constant -impedance vacuum transmission lines |

' Help Wanted -

e
essential qualifications:
A apulseof T 120ns
A faster QIM 0O
A deliver O :1 26 MA

- . A A "WmE

desired qualifications:
A Minimizing inductance 0

("O T— T—) highly desired!

—— s NGPP (potential concept) |
- ». Apply inside! /

We are using Empire to vet this concept as a potential enabling technology to reach design targets for Z
upgrade and NGPP

"R. B. Spielman, "Pulsed-Power Innovations for Next -Generation, High -Current Drivers," in |EEE Transactions on Plasma Science, vadl. 50, no. 9, pp. 2621 -2627,
Sept. 2022, doi: 10.1109/TPS.2022.3196188.




Towards Z upgrade: our ModSim work looks to optimize
22 I impedance profiles for all levels of Z




Towards Z upgrade: our ModSim work looks to optimize
s3 1 Impedance profiles for all levels of Z m




« 1 impedance profiles for all levels of Z

A Proposing non -constant impedance
transmission lines asks us as a program
to reconsider a decades -old
foundational idea which lead to
successful pulsed -power accelerators

Towards Z upgrade: our ModSim work looks to optimize [EJI

t viability must be demonstrated |
A Currently , we are characterizing
baseline (Z today) vs. variable - I
Impedance redesigns for the |
«——highest 1 nductance | i

to demonstrate the working design
principle |




Fully 3D EM-PIC Empire simulations including the entire level D
show encouraging agreement with measurements
Time: 0.000e+00 s

45

1D Transmission Line Domain: Voltages (V)
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LCHICAGO simulation done by N. Bennett, published in Laity, George R. et al. Plasma Grand Challenge LDRD final report. SAND2021 -0718. d0i:10.2172/1813907. I



Fully 3D EM-PIC Empire simulations including the entire level D show
. | encouraging operational characteristics + well below safety limits

Time: 0.000e+00 s //i' iyl

Peak power 1.1125e-07s 1A Can be used to vet many

candidate designs, providing
detailed reports of machine
performance

A Any re-design must maintain
operational and safety limits
electron flows, surface heating
must be safely under design
limits

o

Testbed results show variable -
impedance transmission lines
insulate extremely well

|

o
O
5
@

le+17

"y A Next: Empire simulations of
variable impedance versions: I
can up to 0.5 MA more current
be delivered while satisfying I

safety limits?

le+15

le+14

e-_number_density

Simulation details A Resources 7680 cores / 160 CTS-1 nodes I
A Meshes 153,061,360 elements + thermal grids inside materials A Duration: 160 ns over 190623 steps, 30 wall -hours
A Particles: 1.40e+08 electrons, 1.58e+07 protons; maximum A Output: 3.8 TB (mesh data), 555 MB (history data) I



SCREAMERircuit simulations demonstrate a variable impedance
.- | MITL results in higher current while staying well below safety limits

D-level MITL Anode heat
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. ‘ RAMSES Simulation Results and Impact to Pulsed Power

LT T .

Saturn HERMESHIII

A Work coveredin this talk: Z upgrade

A Work impacting behind-the-scenes next-generation pulsed -power (NGPP)
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RAMSES Simulation Results and Impact to Pulsed Power

Saturn

A Saturn Refurbishment Project:
A Machine -scale power flow simulations
A Bremsstrahlung diode physics

A Saturn Redesign of the e-beam source

HERME

Slil



System overview : Saturn accelerator

50

A 26 TW pulsedpower accelerator used to drive various covering both Xray
sources (Bremsstrahlung diode, rod pinch, reflex triode array), and charged beams
sources for surrogate testing (e.g., ebeam, ion diode)

S

bottle =VI

interface

VWE% ed tri =plate
DATKSS e ansmission line

Oil regjan )
power flow

Pulsed -power driver:

A Marx generators © pulse-forming lines © load
A 36 Marx banks, 5.6 MJ total

A 100 ns power pulse delivered to diode I



I
51 1 Impacts to Saturn Refurbishment Project m

1. Alarge-domain 3D electromagnetic (EM) modelin EMPIREwas developed to characterize the power

flow from the Saturn water line to the load,;

2. A high resolution 3D EM patrticle -in-cell (EM-PIC) domain for regions approaching the Bremsstrahlung
source (completed upstream via 1D circuit coupling) was developed in Empire, enabling self -consistent
determination of diode beam characteristics at feasible cost;

3. The beam fluxes calculated by Empire provided inputsto an  ITS domain modeling the region under
the anode convertor which has lead to the most accurate predictions of the Saturn radiation field to date

4. The Empire-ITS approach developed above was used to characterize the power flow and output
radiation field of the refurbished designs proposed for Saturn t confirming with simul
harmj design principles would refurbishment decisio
spacing
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1. Alarge-domain 3D electromagnetic (EM) modelin EMPIREwas developed to characterize the power
flow from the Saturn water line to the load;

2. A high resolution 3D EM particle -in-cell (EM-PIC) domain for regions approaching the Bremsstrahlung
source (completed upstream via 1D circuit coupling) was developed in Empire, enabling self -consistent
determination of diode beam characteristics at feasible cost;

3. The beam fluxes calculated by Empire provided inputsto an  ITS domain modeling the region under
the anode convertor which has lead to the most accurate predictions of the Saturn radiation field to date

4. The Empire-ITS approach developed above was used to characterize the power flow and output
radiation field of the refurbished designs proposed for Saturn t confirming with simul

harmj design principles would refurbishment decisio
spacing




A large-domain 3D electromagnetic model was developed to
53 I characterize power flow from the Saturn  water line to the load




A large-domain 3D electromagnetic model was developed to
54 I characterize power flow from the Saturn  water line to the load




A large-domain 3D electromagnetic model was developed to
55 I characterize power flow from the Saturn  water line to the load

Hardware created in Cubit ™




A large-domain 3D electromagnetic model was developed to
56 I characterize power flow from the Saturn  water line to the load

baseline simulation were
obtained to better understand
power flow

Hardware created in Cubit ™
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Open contours of electric field magnitude show areas of
high field gradient while tri -plate structure is recognizable

/ o frangular periodic domain (meters long): 21,973,729 elements D20 nodes, D10 wall-hours \
= "‘ ‘\

A large-domain 3D electromagnetic model was developed to
characterize power flow from the Saturn  water line to the load

animation
Simulation model  enabled Outlook : the geometric fidelity of this model
A comparison to 1D circuit model allows investigation of some impacts of
A investigation of transmission line losses A switch timing and azimuthal drive asymmetries
A identification of impedance mismatches by driving each line with separate waveforms
A 3 3 | ocat i odsrecgnfiguring thejwater goRvelateIregioe nt s
A decisions for azimuthal field diagnostic locations A 3 J M

Simulation : Peggy Christenson, Visualization : Keith Cartwright
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Filled contours of electric field magnitude indicate regions of
maximum electric field




s 1 Impacts to Saturn Refurbishment Project

1.

2. A high resolution 3D EM patrticle -in-cell (EM-PIC) domain for regions approaching the Bremsstrahlung
source (completed upstream via 1D circuit coupling) was developed in Empire, enabling self ~ -consistent
determination of diode beam characteristics at feasible cost;




System overview : Saturn Bremsstrahlung Source

59
Energy driven through the accelerator (a) is compressed in space and time so that the
power flow entering the vacuum section (b) liberates electrons. These electrons are
directed towards the high Z anode target in the (c) which convert to
intense Bremsstrahlung photon output

Pulsed -power driver: = ——a—— = mis o :

A 36 Marx banks, 5.6 MJ total

A 100 ns power pulse delivered
to diode

tri-plate gasfilled —
-.ll| 'VV‘ syyitche

b

Water region
power flow

Electron beam generation: ,
A 10 MA current (total of 3 diodes) o
A 1.5 MeV (a)

o]
FMITL EMITL D MITL CMITL B MITL AMITL

X-ray generation: A TR T AN Rt | / ' |

A variable spectrum e o - o | v
A 100 keV to 1.5 MeV endpoint S e o e S e x.
energies 1 I
Q 1

(c) (b) |



High resolution EM -PIC diode simulations : we self -consistently follow the power
flow conversion from EM waves to the emission of electrons, leading to bipolar
60 ¥ flow, reproducing the correct diode beam pinching and steering

animation

y A
T intermediate 2\ . N intermediate
Marx banks storage caps ~ Water Triplate ~ WVater Flare Diode Water Flare Water Triplate  storage caps Marx banks

Heterogeneous modeling strategies and HPC resources have enabled machine -scale simulations of detailed processes

Time: 1.125e-07 s

Surface Temperature (K)
10000 20000

30e+02 500 1000 2000 50000 100000 200000 500405
Ay M M R 1) n MEARTIFT | SRR 0275 T W b e T L L )

We simulate ¢®* azimuthally -periodic domains using

28-87M element meshes on 90 -350 HPC nodes. Each s e

simulation takes 20-30 wall-hours L ———
Time: 1.125e-07 s

H+ number density (m*-3)
le+1é le+17

self -consistent surface heating spatially - and time -resolved simulation of bipolar flow




Simulations predict diode currents and voltages in line with
extrapolated measurements

61
1D-3D EMPIREEM-PIC Extrapolated
predictions at load measurement at the load !
Inner (EF)
2.07 Middle (CD) 2.01
m Quter (AB)
= )
= 10 = 10
> >
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: = Outer (AB) 257
g 154 g 154

0 25 50 75 100 125 150 175 200
time (ns)
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time (ns)

AB diode voltage comparisons

A EMPIRE predicts D 1.5 MV peak

A Extrapolated measurement D 2 MV peak

AB diode current comparisons

A EMPIRE predicts 3 MA peak

A Extrapolated measurement 2.5 MA peak

1Savage, Mark et al. Technical goals of the Saturn recapitalization project. Presented at the IEEE International Pulsed Power Conference (Virtual). https://doi.org/10.2172/1899658
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2 1| Impacts to Saturn Refurbishment Project

1.

3. The beam fluxes calculated by Empire provided inputsto an  ITS domain modeling the region under the
anode convertor which has lead to the most accurate predictions of the Saturn radiation field to date



Self-consistent bipolar flow simulations provide high
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Coupled simulation model




