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Abstract:
High-fidelity simulations of pulsed-power-driven high energy density
physics (HEDP) experiments frequently necessitate the modeling of
the electrical interplay of current between the vacuum-insulator stack
and the load (i.e., the plasma generated across the anode-cathode
gap). Recent additions to the FLASH code, the high-performance
computing, radiation magneto-hydrodynamics (MHD) code
developed by the Flash Center for Computational Science, have
enabled it to model Z-pinch experiments. Here we discuss the
implementation in FLASH of the circuit model presented in in
McBride et al1. who proposed a simple LC model to be used as a
drive circuit in refurbished Z accelerator simulations. We outline the
numerical implementation and show results from select verification
benchmarks.
Z-Machine:
The refurbished Z accelerator can deliver pulses of approximately
4MV and 26MA that last between 100-600ns. To achieve said power
requirements, the current and voltage are passed through four
magnetically insulated transmission lines (or MITLs). The voltage
and current are measured at the start of the outer MITLs (this location
is called the stack) which are then connected through a double post-
hole convolute. In the Z-machine the double post-hole convolute
connects the outer MITLs to inner MITLs which deliver power to the
load where the current is measured right before the load. When
comparing the stack and load currents, there were times that the load
current was higher than that of the stack. To understand this
discrepancy, a lossless, simplified model was implemented.

The FLASH Code:
FLASH3 is a multi-physics, parallel, adaptive mesh refinement
(AMR), finite-volume Eulerian hydrodynamics and magneto-
hydrodynamics (MHD) code (flash.rochester.edu). The Flash Center
for Computational Science at the Department of Physics and
Astronomy at the University of Rochester further develops
capabilities of the FLASH code for high energy-density physics
(HEDP) simulations, such as Z-pinch experiments.

Model:
To model the inner part of the Z machine multiple simplifications are
made. The first is that the outer MITL is represented by an inductor
and capacitor, L and C respectively. This simplifies the actual
geometry that is in fact multiple MITLs in parallel. The second is that
the inner MITLs are an inductor L0 instead of multiple inner MITLs
that connect to the target. The target is also considered to be an
inductor, Ltarget. Finally, the model is considered lossless resulting in
no real resistive losses included.
To calculate the current delivered to the load by an input open circuit
voltage three equations are used. These result in the following
equations, where Vt is the voltage across the target, Istack is the current
through the stack, and Iload is the current delivered to the load. To
calculate Vt Faraday’s Law was used. To calculate magnetic flux
from the Bɸcomponent of the magnetic field FLASH was used. Once
the equations are solved the axial current that is determined from the
circuit model is used with Ampere’s Law to define the azimuthal
magnetic field on the upper-r domain boundary. This field is used as
a boundary condition for the implicit magnetic resistivity (diffusion)
solver.

Procedure:
The procedure that is implemented of this model in FLASH goes as
the following:
1. Set all the old values and Vt=0 at t=0 and apply voltage input
2. Solve for , , and at t=0
3. Move values from ”new” variables to “old” variables
4. Apply solution as boundary condition to FLASH simulation
5. Use FLASH to advance Z-pinch simulations
6. Calculate newly generated magnetic flux and apply Faraday’s

Law to calculate Vt at new time
7. Repeat this process using newly calculated Vt, , , and,

Results:
The resulting plot shows the stack and load current with an open
voltage source that has a rise time of approximately 100ns. As seen in
the plot there are multiple instances where the stack and load current
cross, resulting in a higher current applied to the load. This replicates
the issue seen at the Z accelerator. The capacitor acts to store up the
electrical energy in the system until the input voltage slows, resulting
in the MITL (portrayed as the capacitor) discharging. This allows a
higher current applied to the load than is coming into the stack. The
simplistic differencing method allows for a quick correction to the
applied current. The result of this is a computationally inexpensive
correction to the applied current. These results mirror the work done
by McBride et al1 as seen by the multiple positions that the stack and
load current cross. This model is currently being applied to Z-pinch
simulations done in collaboration with scientists at MIFTI.
References: 
1. R. D. McBride, C. A. Jennings, R. A. Vesey, G. A. Rochau, M. E. Savage, W. A. Stygar, M. E. Cuneo, D. B. Sinars, M. Jones, K. R. 
LeChien, M. R. Lopez, J. K. Moore, K. W. Struve, T. C. Wagoner, and E. M. Waisman Phys. Rev. ST Accel. Beams 13, 120401, 20102.
2. W. A. Stygar, P. A. Corcoran, H. C. Ives, R. B. Spielman, J. W. Douglas, B. A. Whitney, M. A.Mostrom, T. C. Wagoner, C. S. Speas, T. L. 
Gilliland, G. A. Allshouse, R. E. Clark, G. L. Donovan,T. P. Hughes, D. R. Humphreys, D. M. Jaramillo, M. F. Johnson, J. W. Kellogg, R. J. 
Leeper, F. W.Long, T. H. Martin, T. D. Mulville, M. D. Pelock, B. P. Peyton, J. W. Poukey, J. J. Ramirez, and P.G. Reynolds, Phys. Rev. ST 
Accel. Beams 12, 120401 (2009).
3. Tzeferacos, Petros, et al. "FLASH MHD simulations of experiments that study shock-generated magnetic fields." High Energy Density 
Physics 17 (2015): 24.

The Flash Center acknowledges support by the U.S. DOE ARPA-E under Award DE-AR0001272, the NSF under Award PHY-2033925, and the U.S. DOE NNSA under Award DE-NA0003842, and Subcontracts 536203 and 630138 with LANL and B632670 with LLNL. This material is based upon work 
supported by the U.S. DOE NNSA under Award Number DE-NA0003856 through the Horton Fellowship Program at the Laboratory for Laser Energetics.

<latexit sha1_base64="EZrxaowg5y5abhwQD5sHBm11dy4="></latexit>0

BBB@

V new
c �V old

c
dt

Inew
stack�Iold

stack
dt

Inew
load�Iold

load
dt

1

CCCA
=

0

BBB@

Inew
stack�Inew

load
C

�V new
c �ZoI

new
stack+Voc

L

V new
c �Vt

Lo

1

CCCA
. (1)

<latexit sha1_base64="mqgsbhUqftp3EjlkB/ZanvYq/Yc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M9gKrkpSRF0Wu3FZwT6gjWEynbRDJ5MwM1Fq6Je4caGIWz/FnX/j9LHQ1gMXDufcy733BAlnSjvOt5VbW9/Y3MpvF3Z29/aL9sFhS8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvBqD712w9UKhaLOz1OqBfhgWAhI1gbybeLZdTys/rkPhP0cYLKvl1yKs4MaJW4C1KCBRq+/dXrxySNqNCEY6W6rpNoL8NSM8LppNBLFU0wGeEB7RoqcESVl80On6BTo/RRGEtTQqOZ+nsiw5FS4ygwnRHWQ7XsTcX/vG6qwysvYyJJNRVkvihMOdIxmqaA+kxSovnYEEwkM7ciMsQSE22yKpgQ3OWXV0mrWnEvKue31VLtehFHHo7hBM7AhUuowQ00oAkEUniGV3iznqwX6936mLfmrMXMEfyB9fkDivOSYA==</latexit>

V new
C

<latexit sha1_base64="3tEGf6nfQjyT9TuxWZ0w02+4ykc=">AAAB/HicbVBNS8NAEJ3Ur1q/qj16WWwFTyUpoh6LXvRWwX5AG8Nmu22XbjZhd6OUEP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZ50ecKW3b31ZuZXVtfSO/Wdja3tndK+4ftFQYS0KbJOSh7PhYUc4EbWqmOe1EkuLA57Ttj6+mfvuBSsVCcacnEXUDPBRswAjWRvKKpQq68RKlMRmn94mgjymqeMWyXbVnQMvEyUgZMjS84levH5I4oEITjpXqOnak3QRLzQinaaEXKxqZDXhIu4YKHFDlJrPjU3RslD4ahNKU0Gim/p5IcKDUJPBNZ4D1SC16U/E/rxvrwYWbMBHFmgoyXzSIOdIhmiaB+kxSovnEEEwkM7ciMsISE23yKpgQnMWXl0mrVnXOqqe3tXL9MosjD4dwBCfgwDnU4Roa0AQCE3iGV3iznqwX6936mLfmrGymBH9gff4A6XiUTg==</latexit>

Inewstack

<latexit sha1_base64="gJZwztAKKsHh6+HzCXtMDlp7AeY=">AAAB+3icbVDLTsMwEHTKq5RXKEcuFi0SpyqpEHCs4AK3ItGH1IbIcdzWqmNHtgNUUX6FCwcQ4sqPcONvcNscoGWklUYzu9rdCWJGlXacb6uwsrq2vlHcLG1t7+zu2fvlthKJxKSFBROyGyBFGOWkpalmpBtLgqKAkU4wvpr6nQciFRX8Tk9i4kVoyOmAYqSN5NvlKrzxUyZQmN2nnDxmsOrbFafmzACXiZuTCsjR9O2vfihwEhGuMUNK9Vwn1l6KpKaYkazUTxSJER6jIekZylFElJfObs/gsVFCOBDSFNdwpv6eSFGk1CQKTGeE9EgtelPxP6+X6MGFl1IeJ5pwPF80SBjUAk6DgCGVBGs2MQRhSc2tEI+QRFibuEomBHfx5WXSrtfcs9rpbb3SuMzjKIJDcAROgAvOQQNcgyZoAQyewDN4BW9WZr1Y79bHvLVg5TMH4A+szx8KJJPO</latexit>

Inewload

<latexit sha1_base64="sa8tyk97sHOf6Olo16CJKZVUr+k=">AAAB+nicbVC7TsMwFHV4lvBKYWSx2iJ1qhKEKGMFC2OR6ENqQ+Q4bmvVcSLbAVUhX4JYGECIlZ9gZUPwMbiPAVqOdKXjc+6V7z1+zKhUtv1pLC2vrK6t5zbMza3tnV0rv9eUUSIwaeCIRaLtI0kY5aShqGKkHQuCQp+Rlj88H/utGyIkjfiVGsXEDVGf0x7FSGnJs/Ils9T0UpxdpxELMv3yrKJdsSeAi8SZkWKtUP7+qr7f1z3roxtEOAkJV5ghKTuOHSs3RUJRzEhmdhNJYoSHqE86mnIUEummk9UzeKiVAPYioYsrOFF/T6QolHIU+rozRGog572x+J/XSVTv1E0pjxNFOJ5+1EsYVBEc5wADKghWbKQJwoLqXSEeIIGw0mmZOgRn/uRF0jyqOCeV40udxhmYIgcOQAGUgQOqoAYuQB00AAa34AE8gWfjzng0XozXaeuSMZvZB39gvP0AVN6Wfw==</latexit>

V old
c

<latexit sha1_base64="huhwh7a9nRuB9E5GehWTqjr0N2k=">AAAB/nicbVDLSsNAFJ3UV42vqLhyM9gKrkoioi6rguiugn1AG8NkMm2HTjJhZiKUEPBHXLhxoYhbl36DO//AtV/g9LHQ1gMXDufcy733+DGjUtn2p5GbmZ2bX8gvmkvLK6tr1vpGTfJEYFLFnHHR8JEkjEakqqhipBELgkKfkbrfOxv49VsiJOXRterHxA1RJ6JtipHSkmdtFc3ipZdKhXAvu0k5CzKteFbBLtlDwGnijEmhXHw///q+P6l41kcr4DgJSaQwQ1I2HTtWboqEopiRzGwlksR6BeqQpqYRCol00+H5GdzVSgDbXOiKFByqvydSFErZD33dGSLVlZPeQPzPayaqfeymNIoTRSI8WtROGFQcDrKAARUEK9bXBGFB9a0Qd5FAWOnETB2CM/nyNKntl5zD0sGVTuMUjJAH22AH7AEHHIEyuAAVUAUYpOABPIFn4854NF6M11FrzhjPbII/MN5+AOMMmJM=</latexit>

Ioldstack
<latexit sha1_base64="b7hxYhFHBe40pDeB8tEWlZbLXSA=">AAAB/XicbVDLSsNAFJ34rPEVHzs3wVZwVRIRdVkVRHcV7APaGCaTaTt0MhNmJkINwS8R3LhQxK1bv8Gdf+DaL3D6WGjrgQuHc+7l3nuCmBKpHOfTmJqemZ2bzy2Yi0vLK6vW2npV8kQgXEGcclEPoMSUMFxRRFFcjwWGUUBxLeie9v3aDRaScHalejH2IthmpEUQVFryrc2CWbjwU8phmF2nnIaZFnwr7xSdAexJ4o5IvlR4P/v6vj8u+9ZHM+QoiTBTiEIpG64TKy+FQhFEcWY2E4ljiLqwjRuaMhhh6aWD6zN7Ryuh3eJCF1P2QP09kcJIyl4U6M4Iqo4c9/rif14jUa0jLyUsThRmaLiolVBbcbsfhR0SgZGiPU0gEkTfaqMOFBApHZipQ3DHX54k1b2ie1Dcv9RpnIAhcmALbINd4IJDUALnoAwqAIFb8ACewLNxZzwaL8brsHXKGM1sgD8w3n4AAzCYEw==</latexit>

Ioldload

30

25

20

15

10

5

0
0 20 40 60 80 100

Cu
rr

en
t (

M
A)

Time (ns)

Current at stack
Current at load


