L

—

2]
©
=
2]
T
o B
T
o
/)]
O
2]
>
e
Q.

AIP
Publishing

RESEARCH ARTICLE | MARCH 04 2025

Magnetized liner inertial fusion platform development to

assess performance scaling with drive parameters @

M. R. Gomez ¥ @ ; S. A. Slutz @ ; C. A. Jennings; A. J. Harvey-Thompson @ ; M. R. Weis © ; W. E. Lewis @ ;

B. T. Hutsel © ; D. C. Lamppa @@ ; M. Geissel © ; J. A. Crabtree; T. J. Awe ©© ; D. A. Yager-Elorriaga
D. E. Ruiz @ ; C. Aragon @ ; K. A. Benavidez; G. A. Chandler ©© ; S. W. Cordaro @ ; J. R. Fein @@ ;

E
K. Rambo @ ; G. K. Robertson; D. C. Rovang ©© ; F. Sanchez; M. E. Savage; M.-A. Schaeuble © ;
. A. Shipley @@ ; J. E. Shores; G. E. Smith; I. C. Smith; C. S. Speas; J. Taylor ¢ ; K. Tomlinson;

. A. Whittemore; J. M. Woolstrum @ ; E. P. Yu @ ; D. J. Ampleford © ; K. Beckwith @ ; M. E. Cuneo
E. C. Harding @ ; M. C. Jones © ; R. D. McBride © ; K. J. Peterson @ ; J. L. Porter @ ; G. A. Rochau
J. Schwarz @ ; D. B. Sinars

’ '.) Check for updates

Phys. Plasmas 32, 032702 (2025)
https://doi.org/10.1063/5.0253541

&

View
Online

Articles You May Be Interested In

)

. S. Field @ ; S. B. Hansen @ ; P. F. Knapp; J. Jackson @ ; R. J. Kaye @ ; M. Lowinske; L. M. Lucero @ ;
. Myers @@ ; M. A. Mangan @ ; O. M. Mannion @ ; B. Norris; R. R. Paguio 1@ ; L. Perea; A. J. Porwitzky © ;

)

Export
Citation

Demonstration of improved laser preheat with a cryogenically cooled magnetized liner inertial fusion

platform

Rev. Sci. Instrum. (May 2023)

Data-driven assessment of magnetic charged particle confinement parameter scaling in magnetized liner

inertial fusion experiments on Z
Phys. Plasmas (May 2023)
Target design for high fusion yield with the double Z-pinch-driven hohlraum

Phys. Plasmas (March 2007)

AIP Advances

Why Publish With Us?

average time views in the last year

scope

E 21DAYS " | ' OVER4MILLION *ﬁi INCLUSIVE
. 3

toistdecision L

Learn More

AIP
,_Z_ Publishing

80 :2€ :€2 9202 AaN T


https://pubs.aip.org/aip/pop/article/32/3/032702/3338343/Magnetized-liner-inertial-fusion-platform
https://pubs.aip.org/aip/pop/article/32/3/032702/3338343/Magnetized-liner-inertial-fusion-platform?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-1967-7113
javascript:;
https://orcid.org/0000-0001-5036-0969
javascript:;
javascript:;
https://orcid.org/0000-0003-4607-6310
javascript:;
https://orcid.org/0000-0003-0061-5323
javascript:;
https://orcid.org/0000-0003-0509-8353
javascript:;
https://orcid.org/0000-0001-6383-1184
javascript:;
https://orcid.org/0000-0001-7431-7391
javascript:;
https://orcid.org/0000-0002-6207-7615
javascript:;
javascript:;
https://orcid.org/0000-0002-1499-7986
javascript:;
https://orcid.org/0000-0001-6110-1700
javascript:;
https://orcid.org/0000-0002-2321-3274
javascript:;
https://orcid.org/0009-0006-2970-4572
javascript:;
javascript:;
https://orcid.org/0000-0002-1964-0927
javascript:;
https://orcid.org/0000-0002-2805-9755
javascript:;
https://orcid.org/0000-0002-6460-9873
javascript:;
https://orcid.org/0009-0002-1571-0497
javascript:;
https://orcid.org/0000-0002-1886-9770
javascript:;
javascript:;
https://orcid.org/0000-0001-5942-2193
javascript:;
https://orcid.org/0009-0008-3834-3259
javascript:;
javascript:;
https://orcid.org/0009-0004-5540-013X
javascript:;
https://orcid.org/0000-0003-4539-8406
javascript:;
https://orcid.org/0000-0003-4583-700X
javascript:;
https://orcid.org/0000-0001-8029-5109
javascript:;
javascript:;
https://orcid.org/0009-0009-0696-0655
javascript:;
javascript:;
https://orcid.org/0000-0003-1242-0363
javascript:;
https://orcid.org/0000-0002-7515-9230
javascript:;
javascript:;
https://orcid.org/0009-0006-1351-5320
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-8869-5203
javascript:;
https://orcid.org/0000-0002-0536-4001
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0009-0007-5137-1468
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-6118-0995
javascript:;
https://orcid.org/0009-0002-0173-8448
javascript:;
https://orcid.org/0000-0002-3742-2421
javascript:;
https://orcid.org/0000-0002-5610-8331
javascript:;
https://orcid.org/0000-0003-3539-5471
javascript:;
https://orcid.org/0000-0003-0152-9734
javascript:;
https://orcid.org/0000-0002-7516-147X
javascript:;
https://orcid.org/0000-0002-5022-9749
javascript:;
https://orcid.org/0000-0001-6202-4292
javascript:;
https://orcid.org/0000-0002-0560-6621
javascript:;
https://orcid.org/0009-0007-4250-8768
javascript:;
https://orcid.org/0000-0003-0459-0119
javascript:;
https://orcid.org/0000-0001-5547-3532
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0253541&domain=pdf&date_stamp=2025-03-04
https://doi.org/10.1063/5.0253541
https://pubs.aip.org/aip/rsi/article/94/5/053506/2890454/Demonstration-of-improved-laser-preheat-with-a
https://pubs.aip.org/aip/pop/article/30/5/052701/2887663/Data-driven-assessment-of-magnetic-charged
https://pubs.aip.org/aip/pop/article/14/5/056302/929653/Target-design-for-high-fusion-yield-with-the
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3470651&setID=1044494&channelID=0&CID=1678023&banID=524321803&PID=0&textadID=0&tc=1&rnd=6069920819&scheduleID=3650764&placementScheduleId=3650764&adItemScheduleId=0&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&metadata=%5B%5D&mt=1778801528538931&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fpop%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0253541%2F20423061%2F032702_1_5.0253541.pdf&request_uuid=f4935ebd-d629-484f-8041-58dd7ac1dd44&hc=29bfe843708484403701879e6b2eb5b16465bb08&location=

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Magnetized liner inertial fusion platform
development to assess performance scaling
with drive parameters @

Cite as: Phys. Plasmas 32, 032702 (2025); doi: 10.1063/5.0253541 @ 1 @
Submitted: 17 December 2024 - Accepted: 9 February 2025 - (ll
Published Online: 4 March 2025 View Online Export Citation CrossMark

M. R. Gomez,"@ () S. A. Slutz,' (%) C. A. Jennings,' A. J. Harvey-Thompson,' (%) M. R. Weis,' (%) W. E. Lewis,’

B.T. Hutsel,' (©) D. C. Lamppa,' (©) M. Geissel,' (¥) 3. A. Crabtree,' T.J. Awe,' () D. A. Yager-Elorriaga,' () D. E. Ruiz,'
C. Aragon,' (%) K. A. Benavidez,' G. A. Chandler,' () S. W. Cordaro,' () 3. R. Fein,' (%) E. S. Field,' (¥ S. B. Hansen,'
P. F. Knapp,"™ 3. Jackson,' (¥ R. 3. Kaye,' () M. Lowinske,' L. M. Lucero,’ () C. E. Myers,"“ (5) M. A. Mangan,’

O. M. Mannion,' (¥ B. Norris,' R. R. Paguio,” () L. Perea,' A. J. Porwitzky,' () P. K. Rambo,' () G. K. Robertson,'

D. C. Rovang,"® () F. Sanchez,' M. E. Savage,' M.-A. Schaeuble,' (®) G. A. Shipley,"® () J. E. Shores,' G. E. Smith,”
I. C. Smith,’ C. S. Speas,' 3. Taylor,” () K. Tomlinson,” K. A. Whittemore,' 3. M. Woolstrum,' (%) E. P. Yu,’

D.J. Ampleford,’ (%) K. Beckwith,"” (%) M. E. Cuneo, (%) E. C. Harding,' (%) M. C. Jones,' () R. D. McBride, "’

K. 3J. Peterson,' () J. L. Porter, () G. A. Rochau,’ () 3. Schwarz,' (¥) and D. B. Sinars'

AFFILIATIONS

'Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
?General Atomics, San Diego, California 92121, USA

@ Author to whom correspondence should be addressed: mrgomez@sandia.gov

Ppresently at Pacific Fusion Corporation, Fremont, CA, USA

C)F>reser1tly at Commonwealth Fusion Systems, Devens, MA, USA

Dpresently retired

®)presently at Los Alamos National Laboratory, Los Alamos, NM, USA

IPpresently at Lawrence Livermore National Laboratory, Livermore, CA, USA

9Presently at Nuclear Engineering and Radiological Sciences Department, University of Michigan, Ann Arbor, MI, USA

ABSTRACT

Magnetized liner inertial fusion (MagLIF) experiments have demonstrated fusion-relevant ion temperatures up to 3.1keV and thermonuclear
production of up to 1.1 x 10" deuterium-deuterium neutrons. This performance was enabled through platform development that provided
increases in applied magnetic field, coupled preheat energy, and drive current. Advanced coil designs with internal reinforcement enabled an
increase from 10 to 20 T. An improved laser pulse shape, beam smoothing, and thinner laser entrance foils increased preheat energy coupling
from less than 1 to 2.3 kJ. A redesign of the final transmission line and load region increased peak load current from 16 to 20 MA. The wider range
of input parameters was leveraged to study target performance trends with preheat energy, applied magnetic field, and peak load current. Ion
temperature and neutron yield generally followed trends in two-dimensional clean Lasnex calculations. Stagnation performance improved with
peak load current when other input parameters were also increased such that convergence was maintained. This dataset suggests that reducing
convergence to less than 30 would improve predictability of target performance. LASNEX was used to identify a simulation-optimized scaling path,
which suggests 10+ kJ of fusion yield is possible on the Z facility with achievable input parameters. This path also indicates >10 MJ could be gen-
erated through volume burn on a future facility with a path to high yield (>200M]J) using cryogenic dense fuel layers. The newly developed
MagLlIF platform enables exploration of both this simulation optimized scaling path and a recently developed similarity-scaling path.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0253541
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I. INTRODUCTION (order of 10keV). In the laboratory, two disparate confinement
Production of significant thermonuclear fusion yield requires a schemes have been developed: magnetic and inertial. In magnetic con-
confinement scheme to contain the extreme plasma temperatures finement fusion (MCEF), a large volume (10* em®) of low-density
Phys. Plasmas 32, 032702 (2025); doi: 10.1063/5.0253541 32, 032702-1
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Physics of Plasmas

(10"*/cm?) plasma is confined for long duration (>10 s) using large
magnetic fields (10 T).1 At the other extreme, in inertial confine-
ment fusion (ICF), a small volume (1077 cm?) of high-density
(10*°/cm?) plasma is confined by the inertia of the fuel itself
for short duration (1071%s).”° Magneto-inertial fusion (MIF) con-
cepts utilize a combination of magnetic fields and inertial confine-
ment to reach fusion conditions at intermediate densities and
volumes for intermediate timescales.” '’ Magnetized liner inertial
fusion (MagLIF)'' is a magneto-inertial fusion concept that sits
much closer to the ICF limit than the MCF limit with typical values
for volume, density, and duration of 10~*cm®, 10%/cm®, and
107 s."* '* MagLIF experiments have demonstrated thermonuclear
neutron production'”'” and sufficient magnetization at stagnation
to trap charged fusion products,'® *” which are key requirements
for scaling a MIF concept to ignition.

In the MagLIF concept, the target consists of a hollow cylinder
(called a liner) that contains fusion fuel (see Fig. 1). Most MagLIF
experiments have used beryllium liners, and the fuel has been gaseous
deuterium. An axial magnetic field (order of 10 T) is applied to the tar-
get using external field coils,”' the fuel is heated to hundreds of eV by
the multi-k] Z-beamlet (ZBL) laser,””*” and the current from the Z
machine”*”” is driven axially through the target, causing it to magneti-
cally implode. The Z machine delivers up to 1.4 MJ of electrical energy
to the MagLIF load with a peak electrical power of up to 75 TW.” The
applied magnetic field reduces radial thermal conduction throughout

Axial Position (mm)

-4 -2 0 2
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-2
4 -2 0 2
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the implosion, which is critical to allow the preheat energy deposited by
the laser to remain in the fuel to stagnation while the imploding liner
does PAV work on the fuel, heating it quasi-adiabatically. The magnetic
field is amplified through flux compression during the implosion, pro-
ducing kT magnetic fields at stagnation, which are capable of trapping
charged fusion products. Preheat is required to reach fusion conditions
at achievable convergence ratios (CR = Ryelinit-/Reuelstag) due to the
relatively slow implosion in MagLIF (<100 km/s), which provides neg-
ligible shock heating.'' The slow implosion is well matched to the
pulsed power generator (100 ns rise time) and allows relatively thick
liner walls that are more robust to instability development.”” >

The MagLIF concept is critically dependent on successful magne-
tization, preheat, and target implosion to achieve fusion conditions.
MagLIF experiments that include these three key components have
produced burn-averaged ion temperatures up to 3.1keV and primary
deuterium-deuterium (DD) neutron yields up to 1.1 x 10"."” These
experiments produce significant x-ray emission from a high aspect ratio
fuel column (height of column > radius of column) at stagnation.
Experiments conducted without either the preheat or the applied mag-
netic field generate on the order of 1 x 10'° neutrons and produce sig-
nificantly less x-ray emission from the fuel column, as shown in Fig. 1.

Previous computational studies'' have shown laser preheat is
required to increase the fuel adiabat, which allows the liner implosion
to do sufficient work on the fuel to reach fusion temperatures at an
attainable CR. In 72744 (10T, 0kJ preheat, 16-17 MA), the x-ray

(c) (d) (e)
z2744 z3121 z2708
BZ=10T BZ=OT BZ=1OT
E~ ~0kJ E =~1kJ E ~1kJ

pre re pre
|~16-17 MA |1~ 16-17 MA |~ 16-17 MA
10 = 10 : 10
8 8 8
6 6 6
4 4 4
2 2 2
0 0 0
-1 0 1 -1 0 1 -1 01

Transverse Position (mm)

FIG. 1. (a) Diagram of the initial target geometry for MagLIF along with the three key components: applied magnetic field, laser preheat, and current-driven implosion. The deu-
terium fuel (yellow) is axially magnetized (purple arrows). The laser (green) enters the target axially, preheating the fuel to ~100eV. The current (pink arrows) flows axially
through the beryllium target (gray) generating a radially inward force that implodes the target. (b) Diagram depicting the approximate stagnation geometry. X-ray emission from
the fuel on axis is significantly attenuated by the surrounding beryllium liner. Photons emitted by the fuel in the 5-15keV range are observable. These are represented in the
red color scale in (c)—(e). Photons from the beryllium liner are typically in the <5 keV range and are represented by the blue color scale in (c)-(e). The images shown in (c)—(e)
were collected with a single spherically bent crystal imager” and processed, so emission from the fuel column is shown on the red color scale and emission from the exterior
of the liner is shown on the blue color scale. X-ray self-emission images from (c) z2744 (10T, 0kJ preheat, 16-17 MA) (d) z3121 (0T, ~1kJ preheat, 16-17 MA), and (e)

22708 (10T, ~1kJ preheat, 16-17 MA) are shown.
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image shows emission from helical structures on the exterior of the
liner, but there is no observable emission from the fuel column [see
Fig. 1(c)]. This experiment produced no measurable neutron peaks on
the neutron time-of-flight (nNTOF) detectors, and a DD neutron yield
of 1 x 10" was inferred from indium activation samples.

In simulations™* of unmagnetized targets, the fuel reaches similar
conditions during the preheat stage as in the magnetized case, though
the spatial distribution of preheat energy varies. However, in the
unmagnetized case, most of the energy is lost through thermal conduc-
tion to the cold liner walls during the implosion. In z3121 (0T, 1k]J
preheat, 16-17 MA), the x-ray image shows weak emission from the
fuel at only a few axial locations indicating an irregular stagnation col-
umn. Emission from the exterior of the liner in the absence of an axial
magnetic field has azimuthally correlated features [see Fig. 1(d)]. The
signal detected from the fuel is ~1/3x the signal from the exterior of
the liner. A weak DD peak was recorded on the nTOF detector, and a
DD yield of 4 x 10" neutrons inferred from indium activation sam-
ples confirms poor neutron production in the absence of an applied
axial magnetic field.

Demonstration of significant neutron production, as well as evi-
dence of a hot fuel column, is observed when all three components of
MaglLIF are included. In 22708 (10T, 1Kk]J preheat, 16-17 MA), x-ray
emission from the fuel was >10x brighter than x-ray emission from
the helical structures on the exterior of the liner [see Fig. 1(e)]. Ton
temperatures ranging from 1.1 to 3.1 keV and DD neutron yields rang-
ing from 1.6 x 10" to 1.1 x 10" have been observed in MagLIF
experiments with stagnation performance depending on the input
parameters and mix levels in the experiment.'” The significant increase
in temperature and neutron production when all three key compo-
nents of the MagLIF concept are included is consistent with predic-
tions from simulations.”

Notably, MagLIF experiments have also been conducted on the
Omega laser facility, where the target implosion is driven via ablative
pressure on the exterior of the target as opposed to the magnetically
driven implosions fielded on the Z facility.”" ** These experiments were
roughly 10% of the spatial scale, 1% of the temporal scale, and 0.1% of
the energy scale of experiments on the Z facility. In the Omega experi-
ments, target performance was enhanced when laser preheat and an
applied magnetic field are included, similar to in Z experiments.’”*’
The successful demonstration of the MagLIF concept over a wide range
of driver energies increases confidence in scaling predictions.

A key goal’' of the United States ICF program™” is to develop a
laboratory platform that is capable of producing high fusion yield
(>200 M]J). Recent results on the National Ignition Facility (NIF) have
demonstrated multi-M]J yields are achievable in the laboratory.” **
Scaling calculations™ in the two-dimensional magnetohydrodynamics
(MHD) code Lasnex' indicate that MagLIF could produce multi-M]
fusion yields with peak load currents of 30-40 MA, and 10-100 MJ
yields at 50-60 MA, as shown in Fig. 2. In these simulations, the target
aspect ratio (AR = Ryyer/ARyan) was fixed at 6, and the applied mag-
netic field was fixed at 30 T, while the target diameter, target length,
initial fuel density, and coupled preheat energy were varied to find the
optimum fusion yield for a given pulsed power circuit. At higher cur-
rents, the required preheat energies are comparable to the energy in
one quad of the NIF. MagLIF preheat experiments have been con-
ducted on the NIF and have demonstrated nearly 30k] of preheat
energy coupled to the fuel."”

ARTICLE pubs.aip.org/aip/pop
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FIG. 2. (a) A plot of fusion yield as a function of peak load current from a series of
2D clean Lasnex calculations where the target aspect ratio (AR) and initial applied
magnetic field were held fixed at 6 and 30 T, respectively, and the target diameter,
initial fuel density, preheat energy coupled to the fuel, and target height were
allowed to vary to find the optimal yield (green dots). The optimized configurations
were rerun with alpha heating turned off (blue circles). Yield doubling occurred at
roughly 30 MA, and yield increased by an order of magnitude at roughly 60 MA for
these volume burn configurations. The vertical red dashed line indicates the approx-
imate upper limit of achievable peak current for a MagLIF experiment on the
present-day Z facility. (b) A plot of the required preheat energy in the optimized sim-
ulations with the fuel density represented for a few key simulations.

In Fig. 2, yield-doubling from alpha heating occurs around 30
MA, and at 60 MA, the yield increases by roughly an order of magni-
tude due to alpha heating. The impact of alpha heating increases grad-
ually with increasing current (and coupled energy) as expected for
volumetric ignition. These results are consistent with previous
work'"***” assessing MagLIF performance with driver energy beyond
that of the Z facility. Similar calculations™ ™ indicate that yields
greater than 100 MJ are possible at >55 MA in targets with DT-ice

layers.”” A similarity-scaling path® *° for MagLIF has also been
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explored both analytically and computationally. The predicted perfor-
mance along that path is comparable to the simulation-optimized scal-
ing path, though the target dimensions and other input parameters at
a given peak load current differ.

It is worth noting that two-dimensional “clean” calculations were
used in generating the simulation-optimized scaling path. These 2D
simulations cannot account for the impact that 3D structure has on
performance. Moreover, the axial resolution of the simulations was
chosen such that 2D instability growth was minimal since it is not rep-
resentative of the 3D instability structures observed experimentally.
The simulations also do not include a mix model (though an initial
estimate of the impact of deceleration mix on target performance indi-
cates a factor of 2-3 reduction in yield should be expected35 ).
Additionally, laser preheat is not simulated, rather the preheat energy
is deposited in an axially uniform column of the fuel. For these reasons,
the simulations are expected to overestimate the performance in
MagLIF targets; however, they indicate an interesting path exists for
MagLIF and justify experimental scaling studies of the concept.

The highest achievable peak load current for MagLIF on the
present-day Z facility is likely <22 MA, so the predictions of multi-M]
fusion yield around 30-40 MA cannot be directly tested without a
larger pulsed power facility or a significant upgrade to the Z facility. In
order to increase confidence in the extrapolation of MagLIF perfor-
mance to multi-M] yields, two key thrusts are being pursued: (1) dem-
onstrate target performance scales as predicted by theory and in
simulations over as wide a range of input parameters as is possible on
the Z facility, and (2) evaluate target performance with input parame-
ters as close as possible to those on the simulation-optimized scaling
curve for the peak currents that are achievable on the Z facility. Both
of these thrusts require increasing the input parameters beyond those
available with the initial platform developed for MagLIF experiments.

This article focuses on the ongoing development of the MagLIF
platform, which has enabled studies of target performance as a func-
tion of preheat energy, applied magnetic field, and peak current. The
article is organized as follows: Sec. IT describes the development of sev-
eral new branches of the MagLIF platform that enable operation over a
wider range of input parameters, Sec. I11 describes the results of experi-
mental input parameter scans, and Sec. IV gives a summary.

Il. DEVELOPING THE MAGLIF PLATFORM

Early MagLIF experiments were conducted with 10T applied
magnetic field, approximately 0.5 k] of preheat laser energy coupled to
the fuel, and up to 18 MA peak load current, producing up to 2 x 10'?
DD neutrons (equivalent to 0.3 k] of DT fusion yield).““5 According
to two-dimensional clean Lasnex simulations, DT fusion yields in the
100kJ range may be possible on the Z facility with increased input
parameters (30 T, 6kJ, 22.3 MA)."”" Subsections IT A-II D describe
the efforts to upgrade the MagLIF platform to enable increased applied
magnetic field, preheat energy coupling, and load current, which
required redesign of the final transmission line and applied magnetic
field coil geometries, laser improvements, and target modifications.

A. Enhanced current coupling

Computational and analytic scaling studies for MagLIF span a
range of currents from less than 15 MA to greater than 60 MA.
Experiments on the Z facility will not be able to evaluate this full space,
but they can be used to assess scaling predictions over a range of drive
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conditions at the lower end of this space. Experimental scaling studies
are limited by diagnostic sensitivities, and Hypra™""® simulations sug-
gest that roughly 12 MA is the minimum current at which stagnation
would be diagnosable on the Z facility.”>”” Most early MagLIF experi-
ments were conducted at 16 MA,"**” providing a limited range for
scaling studies. Development of the new MagLIF platform has enabled
the Z facility to deliver increased current, expanding the range over
which scaling can be studied.

The vacuum section of the Z facility includes four parallel outer
transmission lines, a double post-hole convolute, a final transmission
line, and a load volume (see Fig. 1 in Ref. 61). The outer transmission
lines are driven in parallel to significantly reduce the overall inductance
of the vacuum section, which is necessary to achieve the high current
with short rise time of the Z facility. The convolute is a device that
allows current carried by multiple parallel vacuum transmission lines
to be combined into a single transmission line that delivers the current
to the load. The outer transmission lines and convolute geometry gen-
erally remain fixed for all experiments on the Z facility, and the final
transmission line and the load region are modified to meet the needs
of each individual experiment.

To diagnose load current delivery, velocimetry measurements are
made of the radial expansion of a magnetically driven thin-walled
metallic cylinder, which is part of the return-current path in the load
region. This geometry is modeled in an MHD simulation where the
magnetic drive on the interior of the metallic cylinder is iteratively var-
ied until the simulated velocity trace matches the experimental trace to
within measurement uncertainty. This unfold is typically performed in
1D to limit computational expense, but 2D correction factors are
applied when necessary.”” The velocimetry measurement tightly con-
strains the peak load current delivered to the target, but the measure-
ment is less sensitive to post-peak current, so it does not tightly
constrain the current delivery at stagnation.””

In magnetically driven systems, the target is a part of the circuit, so
it influences the current that the driver can deliver. The current that can
be driven through a system is related to the inductance and voltage by

V=LI+1LI, (1)

where V(1) is the driving voltage, L(2) is the inductance of the system,
and I(2) is the current passing through the system. This means that the
initial load inductance and target implosion trajectory (which sets L)
will feedback into the current that can be driven through the system.
For a sense of scale, in MagLIF experiments on the Z facility the initial
inductance within the vacuum section is up to 20 nH, the driving volt-
age at the vacuum insulating stack is roughly 4 MV, and the current is
around 20 MA with approximately a 100 ns rise time. With a fixed
driving voltage, higher inductance configurations result in a lower
peak current and/or an extended rise time.

Current delivery in high power magnetically driven systems also
is limited by current loss. The outer transmission lines on the Z facility
were designed such that under normal conditions, they operate in an
effectively lossless mode after magnetic insulation is established.
Current losses in the convolute have been predicted in simulations™ *°
and observed experimentally.”” Once losses in the convolute are ini-
tiated, there is a rapid impedance collapse to an essentially constant
value”®” at which point losses are approximately proportional to
the voltage at the convolute. Within the final transmission line,
plasma formation on both the cathode and anode is expected.’®
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These plasmas reduce the effective anode-cathode gap, enhancing was 2.79mm, resulting in an initial inductance of 3.66 = 0.02 nH
ion diode emission from the anode and increasing the possibility of assuming an azimuthally continuous return current path. The diagnos-
current shunting through alternative paths rather than being deliv- tic apertures in the return current path increased the magnetic
ered to the target. Thus, the design of the final transmission line and volume slightly compared to a solid return current path, adding
load region must limit the inductance to an acceptable level (~5 nH) 0.34 = 0.05 nH (values determined from Ansys Maxwell calculations)
to reduce losses within the convolute, and at the same time, the to the load volume resulting in a load inductance of 4.00 = 0.05 nH. In
anode-cathode gaps must remain sufficiently large to minimize 22851, the total inductance of the load volume and final transmission
losses within the final transmission line itself. line was 7.22 = 0.06 nH, and a peak load current of 15.8 = 0.5 MA

In early MagLIF experiments, the final transmission line was was inferred from velocimetry measurements."*
designed around the geometry of the applied magnetic field coils. The Circuit modeling’’ of 72851 indicates that in the absence of
footprint of the lower coil set both the minimum axial extent and the losses, the peak load current in this experiment could have been 21.8
maximum radial position of the transmission line connecting the con- MA. The significant discrepancy between the current from the lossless
volute to the load region. Three iterations of this general design with circuit model and the experimentally measured value indicates this
minimum anode-cathode gaps varying from 2 to 4 mm were evaluated configuration experiences multi-MA current losses. Notably, even in
in experiments on the Z facility prior to the first magnetized experi- the absence of those losses, the high inductance of this configuration
ments [the 3 mm configuration is shown in Fig. 3(a)]. In the 2-mm would significantly limit the achievable peak load current.
configuration, asymmetric current delivery was inferred from the As implied above, modifications to the final transmission line
velocimetry measurements, suggesting the small anode-cathode gap in and applied magnetic field coil designs are coupled. Constraints on the
the final transmission line resulted in azimuthally varying losses. The axial magnetic field uniformity and strength set requirements on the
3- and 4-mm configurations had uniform current delivery, and the footprint of the lower magnetic field coil, which places limitations on
lower inductance, 3-mm configuration delivered a larger peak current. the geometry of the final transmission line. Conservatively, the initial
The inductance of the final transmission line [blue region in Fig. 3(a)] coil configuration for MagLIF was designed to maintain a variation of
in the 3 mm configuration was 3.22 +/— 0.02 nH.’ less than 1% in magnetic field across the target height; however, this

The load volume is defined as the region between the target and constraint significantly limits transmission line design.
the return current path (shown as red regions in Fig. 3), and in early To understand the importance of axial uniformity of the mag-
MagLIF experiments, this volume was also highly inductive. Typically, netic field, a series of 2D MagLIF simulations were conducted in
the return current path consists of conductive posts separated by diag- Lasnex with an axial gradient in the magnetic field of up to 50%. In
nostic apertures, which results in azimuthal variations in the magnetic these simulations the gradient in magnetic field was not critical, and
field within the load volume. These azimuthal variations in the field target performance scaled with the average applied magnetic field in
are largest at the radial position of the return current path and decrease the target. Additionally, 3D simulations in Hypra show that during the
in amplitude near the target. In early MagLIF experiments, the return laser preheat stage, the axial magnetic field is significantly redistributed
current path radius was set at 13 mm to minimize the potential for this leading to variation in magnetization even for an initially uniform
azimuthal magnetic field asymmetry to imprint on the target implo- applied magnetic field.”' Based on this simulation guidance, the
sion and drive flute modes. In some experiments, an azimuthally con- requirement on magnetic field uniformity was relaxed, allowing the
tinuous beryllium annulus, which has a relatively low x-ray opacity lower magnetic field coil to be modified or even eliminated.
enabling x-ray diagnostic access without apertures, was used to elimi- In the initial attempt to reduce the inductance of MagLIF experi-
nate azimuthal variations in the magnetic field. ments, the bottom coil was eliminated, which allowed for a signifi-

In early MagLIF experiments with a 10 mm tall imploding region, cantly reduced axial extension of the final transmission line.
the axial extent of the load volume was 11.8 mm, and the target radius Additionally, the axial extent of the load region was reduced to match

80 T T T T T
22851 z3117 23208
7071 4.00nH 1 1 3.29nH 7 T 2.39 nH

3.22nH 1.76 nH 2.98 nH

FIG. 3. Final transmission line and load
geometries and the associated initial
inductances from (a) z2851, (b) z3117,
and (c) z3208. Black lines indicate the
electrode surfaces. Red shaded regions
indicate the load volume, and blue shaded
regions indicate the final transmission line
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the imploding height of the target. This allowed the total inductance of
the load region and final transmission line to be reduced to 5.05 = 0.04
nH (z3117) while increasing the minimum anode-cathode gap in the
final transmission line from 3 to 4mm [see Fig. 3(b)]. This change
resulted in an increase in peak load current from 15.8 = 0.5 to
17.9 = 0.3 MA (see Fig. 4). The lower inductance reduced the electrical
stress in the convolute and improved current delivery to the load; how-
ever, this design primarily focused on removing inductance from the
final transmission line. The inductance of the load volume remained
relatively large, placing a high electrical stress at the end of the final
transmission line, where the smallest anode—cathode gap exists.

The three parameters controlling the initial inductance of the
load volume are target outer radius, target height, and return current
path inner radius. The target outer radius and height cannot be
changed freely as they impact the performance of the target, leaving
the return current path radius as the only free design parameter to
reduce the load volume inductance. As stated above, the return current
path radius was typically set at 13 mm to limit the development of flute
modes due to azimuthal asymmetries in the driving magnetic field,
resulting in relatively large load volume inductances on all early
MagLIF experiments. In 23208, the return current path radius was
reduced to 7.79mm creating a 5mm radial anode-cathode gap
between the target and the return current path and shrinking the load
inductance by over 1 nH.

A new conical final transmission line was designed to connect to
the smaller radius return current path [see Fig. 3(c)]. The transmission
line tapers from a 6 mm anode-cathode gap near the convolute to a
5mm anode-cathode gap at the entrance to the load volume. In this
configuration, the inductance of the final transmission line is
2.98 = 0.02 nH and the inductance of the load volume is 2.39 * 0.03
nH, so the total inductance is 5.36 = 0.05 nH. While this inductance is
higher than in 23117, this new configuration delivered a peak current
of 20.0 = 0.2 MA to the load (23208, z3209). This implies (1) signifi-
cant losses occurred in the final transmission line on z3117, and (2)

— 728511

Load current (MA)

0 25 50 75 100 125
Time (ns)

FIG. 4. Plot of load current traces for a series of 10 mm tall, 2.79 mm outer
radius, ARG targets inferred from velocimetry measurements. The dotted por-
tions of the lines after peak current indicate increased uncertainty in the mea-
surement. For z3209, the uncertainty in the measurement is indicated with a
gray band.
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the new design tested in 23208 reduced those final transmission line
losses. However, the circuit model indicates with the lower inductance
of the conical configuration, the Z machine could deliver up to 23.7
MA to the load in the absence of losses, so there are still multi-MA
losses in this configuration. Note that this conical design has not been
optimized; increasing the peak load current to >20 MA is possible
with further design iteration.”>””

A subtlety of the 23208 design is that the return current path
transitions from conical to axial at approximately 1.9mm above the
bottom of the target. This geometry presents a fabrication challenge
for beryllium parts, so the return current path must either (1) be man-
ufactured from aluminum with diagnostic apertures to view the full
target height and introduce seeds for flute modes, or (2) utilize azi-
muthally continuous beryllium cylinders to view the top 8.1 mm of the
target and clip diagnostic access to the bottom 1.9 mm of the target.
The former option has been used in all experiments with this transmis-
sion line and load configuration to date. ALEGra”* simulations of the
target and return current path geometry conducted in 2D r-theta show
that the number and position of diagnostic apertures can impact the
symmetry of the implosion. Efforts to understand the impact of these
asymmetries on target performance are discussed in Ref. 75.

B. Applied magnetic field coil development

The applied axial magnetic field in early MagLIF experiments
was nominally 10 T. Previous simulation studies indicate that MagLIF
performance on the Z facility would increase with increasing magnetic
field up to around 30 T,” though at higher currents the optimal mag-
netic field decreases to around 15 T.”” In the systematic-scaling frame-
work,”® the applied magnetic field scales as 6> with ~30'T required
at 60 MA to conserve thermal conduction losses. Improvements to the
applied magnetic field capability are of interest. Two main constraints
limited the available applied magnetic field in early experiments: (1)
maximum radial diagnostic access was required and (2) axial unifor-
mity of the magnetic field was required to be better than 1%.”'

With the above constraints, the load hardware geometry shown
in Fig. 5(a) was used in early MagLIF experiments. This configuration
allowed for radial diagnostic access as well as partially obstructed diag-
nostic access at 12° above radial, where many of the standard diagnos-
tics’*"" at the Z facility were positioned. Subsequent investment in the
development of additional radial diagnostics’””** allowed for the
reduced diagnostic access configuration shown in Fig. 5(b), which
enabled nominally 15T while maintaining 1% axial uniformity, but
eliminated the 12° diagnostic line of sight.”' Further increases in the
applied magnetic field to 25T with a uniform magnetic field are possi-
ble at the expense of eliminating radial diagnostic access,”" though this
would limit understanding of target performance, so it has not been
pursued.

Relaxing the 1% uniformity constraint enables a path to higher
fields while maintaining radial diagnostic access. The magnetic field
coil configuration in Fig. 5(c) has enabled 20 T with 9% axial unifor-
mity, where the uniformity is defined as

2% (Bmax - Bmin)

()
Bmax + Bmin

uniformity =
with B, and B,,;, representing the maximum and minimum axial
magnetic fields within the target, respectively. In the configuration
shown in Fig. 5(c), the coil above the target more strongly magnetizes
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FIG. 5. Cross sections showing the applied magnetic field coil geometries for sev-
eral MagLIF configurations. Cathodes are shown in red, anodes in blue, coil wind-
ings in orange, coil insulation and reinforcement in cyan, coil support hardware in
the dark gray, beryllium target components in light gray, and fuel in yellow. Some
example magnetic field lines are overlaid on the left half of the geometry in black.
The nominal average magnetic field, field uniformity, and peak current for a 10-mm
tall target for each configuration are (a) 10T, <1%, 16-17 MA, (b) 15T, <1%, 16—
17 MA, (c) 20T, 9%, 16-17 MA, (d) 15T, 30%, 20 MA, and (e) 20T, 17%, 20 MA.
Lower fields can be achieved in each configuration. Magnetic field lines cross the
anode—cathode gap in the final transmission line for all configurations, but this does
not measurably impact the current delivery to the target.*”

the target than the one below. Development of this stronger coil
required a new capability to internally reinforce the windings within
the coil due to the increased forces applied to the windings at higher
magnetic fields.”’ Several configurations of this internally reinforced
coil have been developed including versions with 3, 4, and 5 sets of
windings, called sub-coils. Figure 5(c) shows a version with three sub-
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coils, and Fig. 5(e) shows a version with four sub-coils. The number of
sub-coils has a small impact on the achievable field and uniformity.
Notionally, the bottom coil in Fig. 5(c) could also utilize internal rein-
forcement to enable higher magnetic fields with improved axial unifor-
mity in the target; however, this configuration is not optimized for
current delivery to the target, so the development of such a coil has not
been prioritized.

Utilizing the internally reinforced coil described above and the
conical transmission line shown in Fig. 3(c), an AR6 target with a
10-mm tall imploding region can be magnetized to nominally 15T
average magnetic field by the fringe field of the coil with 17.2T at the
top of the target and 12.8 T at the bottom (axial uniformity =30%)
while simultaneously allowing a peak current of up to 20 MA. The sin-
gle coil sits just above the target, allowing radial diagnostic access to
the target. This configuration [shown in Fig. 5(d)] has become the
standard load hardware configuration for MagLIF experiments. The
vertical extension of the conical section was included to provide space
for an advanced lower coil as shown in Fig. 5(e). This configuration
has demonstrated >20 T average magnetic field with 17% uniformity
in offline tests, but it has not yet been incorporated in experiments on
the Z facility. The different radial extent of the coils in Fig. 5(¢) creates
a torque on the support structure separating the coils, which has
proven challenging to robustly support. Further updates to this dual
advanced coil design are under way”’ with the goal of simultaneously
magnetizing the target to an average of 20T and driving the target
with 20-MA peak current on the Z facility.

Note that alternative methods for generating axial magnetic fields
within the target without using external coils are also under develop-
ment. Targets with helical conducting paths®* have demonstrated axial
fields as high as 200 T on the Z facility.”” Similarly, helical return cur-
rent paths can introduce ~10T axial magnetic fields within the tar-
get.”® These technologies have not yet been utilized in MagLIF
stagnation experiments and are not discussed further in this work.

C. Laser preheat improvements

Early MagLIF experiments were conducted with roughly 0.5Kk]J of
laser energy deposited in the fuel. For the peak load currents accessible
on the Z facility, the simulation-optimized curve in Fig. 2 assumes pre-
heat energies between 3.2 and 6 kJ. To approach this optimized perfor-
mance, significant improvements to the laser coupling are required.
The main limitations on preheat energy coupling are as follows: (1) the
laser energy delivered to the target, (2) the loss of energy to absorption
in the laser entrance window material, (3) the loss of energy due to
backscatter, and (4) any laser energy penetrating beyond the target
implosion region.

The laser pulse shape has been significantly modified to increase
the total laser energy delivered to the target. The original laser preheat
pulse shape for MagLIF is shown in Fig. 6 (z3135). It contained a total
of ~2.5KkJ between the pre-pulse and main pulse at the output of the
laser, but losses in the optics chain result in closer to 2kJ on target.l'1
The available energy in the laser was increased to roughly 4 kJ by add-
ing additional amplifiers and replacing the frequency doubling crystal
to improve conversion efficiency and enable longer pulses. To take
advantage of the greater available energy, the bandwidth of the laser
was increased, reducing the risk of stimulated Brillouin scattering
within the optics.” Taking into account for the efficiency of the optics
chain, this enables up to 3.4 kJ on target under ideal conditions.
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FIG. 6. Plot of the laser power on target for the original MagLIF laser configuration
(red), the configuration used in more recent room temperature experiments (black),
and the configuration used in recent cryogenically cooled experiments (blue).
Coupling efficiency increased from 25% to 50% with the red pulse shape to 89%
with the blue pulse shape.

The energy lost to absorption in the LEH window foil is roughly
proportional to the foil mass with which the laser beam interacts. This
mass increases as IR?,, , where [ is the foil thickness and Rpe,, is the
radius of the laser spot; thus, a small spot and a thin window minimize
absorption losses. However, at high intensity, laser-plasma instabilities
due to the laser interaction with the LEH foil and the fuel can cause a
significant fraction of the laser energy to be lost through backscat-
ter.”””” This motivated an effort to reduce laser intensity through
beam smoothing and increased spot size.

The unconditioned ZBL laser spot has significant non-
uniformities with high-intensity regions. Introducing a distributed
phase plate (DPP) optic that generated a 1.1-mm-diameter beam size
smoothed the intensity variations in the beam profile and lowered
the intensity by increasing the laser spot size from approximately
0.25 to 0.95mm> In combination with the lower power laser pulse,
the intensity on target was decreased from ~4 x 10'* to ~5 x 10"
W/cm? With the 1.1-mm DPP optic, the energy lost to stimulated
Brillouin backscatter decreased from ~0.5 to ~0.02kJ.” Increasing
the area of the laser spot size also helps control the deposition length.
However, the increase in laser-spot size resulted in an increase in the
fraction of laser energy absorbed in the LEH window foil, so additional
effort was focused on reducing the window thickness.

The LEH window foil is necessary to contain the deuterium gas
within the target, and the minimum thickness of the foil is approxi-
mately linearly dependent on both the pressure of the gas and the
diameter of the LEH. The minimum foil thickness, Ty gy, in ym is rea-
sonably approximated by

Dren Puel

Tien = 1.3
LER 22 827

+0.3, 3)

where Dy gy is the diameter of the LEH in mm and P,,; is the pressure
of the fuel in bar. Ideally, the diameter of the opening is at least twice
the diameter of the laser spot size to minimize the interaction between
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the wings of the laser spot and the edges of the LEH. In the first
MagLIF experiments, the LEH window foil was conservatively chosen
to be 3.5 um * 10% (thickness prior to being deformed into a bubble)
to contain 4.14 bar (60 psi) of deuterium at room temperature (fuel
density = 0.68 mg/cm®) with a 3-mm-diameter LEH. In this configura-
tion, ~1kJ of the energy incident on the target was lost due to interac-
tion with the LEH window.'* To reduce these losses, in subsequent
experiments the foil thickness was reduced to 1.77 um = 10% for
3-mm-diameter foils containing 4.14 bar, enabling >1kJ to be depos-
ited in the fuel. The window was further reduced to 1.56 um * 10%
for 2.2-mm-diameter foils containing 6.21 bar (90 psi), which enabled
up to 1.4kJ of preheat energy to be deposited in 1.03 mg/cm® fuel with
the updated, lower power laser pulse shape shown in black in Fig. 6
(z3289). The increase in coupling efficiency from approximately 25%
to over 50% is a significant improvement; however, additional
increases in efficiency and laser energy on target are clearly required to
reach the preheat levels in the optimized Lasnex simulations.

Further efforts to increase the preheat energy coupled to the fuel
involve cryogenically cooling the target to reduce the fuel pressure
while maintaining the fuel density. At 70K, the fuel pressure required
to reach a fuel density of 1.03 mg/cm® is roughly 1.52bar (22 psi),
which allows the LEH window thickness to be reduced to ~0.6 um.
With less window material, a larger spot size can be used without los-
ing too much energy to absorption in the window. Alternative meth-
ods to eliminate the impact of the laser window on preheat energy
have also been developed. A small electrical pulse’’ or a low energy
laser” can be used to burst the window just prior to laser preheat.
These technologies have not yet been utilized in MagLIF stagnation
experiments and are not discussed further in this work.

Using a 1.5-mm-diameter laser spot and the low power, higher
energy pulse shape shown in blue in Fig. 6 (23576), 89% coupling was
demonstrated with 2.3kJ of preheat energy deposited in the fuel for
2.61J on target.”” With ideal transmission through the optics chain, up
to 3.4kJ could reach the target, allowing 3kJ to be deposited in the
fuel.

Increasing preheat further would require additional upgrades to
the ZBL laser, which are possible but costly and time-consuming. The
laser infrastructure notionally allows up to 6 k] operation (though with
the potential for significant optics damage), which could put up to
5.1KkJ on target and at 89% coupling, 4.5 K] in the fuel. For comparison,
3D Hypra calculations suggest that 4.25k] could be deposited in the
fuel with 5.5KkJ on target,”* so 4.5 k] deposited may be optimistic.

As the energy on target increases, the possibility of preheat energy
penetrating beyond the target length becomes significant. The propa-
gation depth of a laser pulse absorbed through inverse bremsstrahlung
absorption can be approximated by”*

3 57NE;

. 5 >
7~ . ﬁprehmr , (4)

prRZeum

where z is the propagation depth in mm, N is the harmonic of a
1.054 yum laser, Epreneqs is the laser energy absorbed in the fuel in kJ,
ppp is the fuel density in mg/cm3, and Ry, is the radius of the laser
spot in mm. Based on this equation, to maintain the same propagation
depth while increasing the energy deposited from 2.3 to 4.5k], Rpeam
would need to increase from 0.75 mm to approximately 1.05 mm for a
fuel density of 1.03 mg/cm’. Conversely, the propagation depth could
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be maintained with the available 1.5-mm DPP optic if the fuel density
were increased to 1.4 mg/cm’.

D. Target modifications

The targets in early MagLIF experiments had a 7.5-mm implod-
ing height, as shown in Fig. 7(a). These targets also utilized aluminum
and plastic fuel-facing components called “cushions” to mitigate the
wall instability.”””" In subsequent experiments, the target was modified
to (1) reduce radiative losses from mix, (2) reduce the fraction of fuel
lost through the open ends of the cylindrical target, and (3) improve
implosion stability.

As was discussed in Sec. II C, early MagLIF experiments had rela-
tively low preheat energy coupling. As preheat energy was increased in
subsequent experiments, increased mix from mid-Z fuel-facing com-
ponents drove the plasma temperature and yield down relative to the
initial experiments.'*'® Improvements in target design and fabrication
capabilities allowed the aluminum and plastic components to be
replaced with beryllium. In the higher preheat limit, when all fuel-
facing components were replaced with beryllium, the primary neutron
yield increased by over an order of magnitude."” Following this obser-
vation, all fuel facing components have been made from beryllium to
minimize the impact of laser-induced mix.

As the preheat energy increases, the mass of preheated fuel lost
through the open ends of the target is also expected to increase, which
can result in a higher target convergence at stagnation. This can be
partially mitigated by increasing the target length to reduce the fraction
of fuel mass lost. An additional benefit of a longer imploding region is
localized mix from the LEH window material or cushions will occupy
a smaller fraction of the axial extent of the fuel. However, longer targets
require a proportional increase in preheat energy to reach the same
average fuel temperature. Also, with everything else held constant, an
increase in target length raises the load inductance, which results in a
decrease in load current. Lasnex simulations, which did not account
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for mix, indicated similar target performance at 7.5 and 10mm
imploding heights. The target imploding height was increased to
10 mm for the majority of MagLIF experiments with the goal of mini-
mizing the impact of axially localized sources of mix.

Additional modifications to the target have primarily focused on
improving stability. It is worth noting that as the peak load current has
increased (see Sec. I A), in general, the target inner and outer diame-
ters have remained at 4.65 and 5.58 mm, respectively. The increase in
magnetic pressure, combined with an unchanged target, results in a
more aggressive implosion, which appears to be less stable (see Sec.
I C). Several methods have been suggested to improve target stability
including decrease the target aspect ratio (AR) to reduce instability feed-
through,”” introduce a dielectric coating” ** to the exterior of the liner
to reduce the impact of the electrothermal instability,” '** which acts as
a seed for the magneto-Rayleigh-Taylor instability, and introduce a
dynamically changing magnetic field to drive the target.">'*""'*” Based
on the available datasets, the parameter scans in Sec. I include the stan-
dard ARG target shown in Fig. 7(c) and the dielectric coated AR9 target
shown in Fig. 7(d).

lll. EXPERIMENTAL SCALING TRENDS

With the present MagLIF experimental platform, it is possible to
deliver nominally 15T applied axial magnetic field, 2.3 k] of preheat to
the fuel, and 20 MA peak load current simultaneously to an AR®,
10-mm tall target containing 1.03-mg/cc deuterium fuel. This
enhanced platform has enabled studies of stagnation performance as a
function of each of the input parameters in MagLIF. As described
below, the experimental trends observed in these parameter scans were
generally consistent with expectations from 2D clean LasNex simula-
tions. Additionally, experimental performance increased significantly
when all input parameters were simultaneously increased, as expected.

Neutron yields discussed below were derived from indium activa-
tion samples and represent the primary deuterium-deuterium fusion
neutrons. Ion temperatures were determined using a forward fit in
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FIG. 7. Cross-sections of target geometries used in MagLIF experiments. Gray represents beryllium components, red represents aluminum components, blue represents
nylon components, and green represents an epoxy coating. (a) This configuration had a 7.5-mm imploding region and was used primarily in 2013-2014. (b) This configura-
tion increased the imploding region to 10 mm and was used primarily in 2014—2015. (c) In this configuration, the aluminum fuel facing components were replaced with beryl-
lium. It has been used commonly since 2015. (d) This configuration incorporated a 75-um-thick dielectric coating (Epon epoxy) on the exterior of the liner to stabilize the
implosion. The mass/length of the beryllium and epoxy in this configuration matches an aspect ratio (AR) 9 beryllium liner. To compensate for the mass of the epoxy, the
AR of the beryllium was increased to 10.6. This configuration was initially tested in 2016 and commonly used since 2017.
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TABLE I. The input parameters, stagnation performance, and simulation values for the experiments described in this manuscript. Targets with an outer radius to wall thickness
of 6 are listed as AR6. Targets with a dielectric coating and a mass/length equivalent to an aspect ratio 9 target are listed as cAR9. Initial fuel density values with * had significant
uncertainty due to a large temperature gradient across the target. Preheat energy values with * had a misalignment of the preheat laser, which may have impacted energy cou-
pling. Peak current values with * were not measured on the experiment, and a peak load current was assumed based on the measured peak current in experiments with identical

transmission line and load geometries.

Shot Target Cryo pogue (mg/cc) Applied B, (T)  Preheat (kJ) Lyeak (MA) Exp.yield T, (keV) Sim.yield Sim. fuel CR
72839  AR6 N 0.68 10.2 1.07 16* 3.2 x 10" 22 5.9 x 10" 39
22977  AR6 N 0.68 926 0.87 16* 3.0 x 10" 26 5.5 x 10" 40
23019  cAR9 N 0.68 9.7 0.93 15" 3.0 x 10 2.5 2.7 x 10" 46
23040  AR6 N 0.68 926 0.78 16* 4.1 x 10" 26 5.2 x 10" 40
23075 cAR9 N 0.68 9.7 0.94 15.2 2.6 x 102 2.3 2.7 x 108 46
23135 cAR9 N 0.68 9.8 1.00 15* 3.1 x 10" 26 2.8 x 10" 47
23179 cAR9 N 0.68 15.8 0.95 15* 5.3 x 10" 3.1 4.7 x 107 46
73208  AR6 N 0.68 12.0 0.92 20.0 3.5 x 10" 26 4.0 x 107 49
23209  AR6 N 0.68 11.9 0.94 20.0 3.7 x 10" 26 4.0 x 10" 49
23239 cAR9 N 0.68 20.0 0.9* 15* 2.0 x 10" 26 .

23240 cAR9 N 0.68 15.5 0.9* 15* 1.4 x 10" 23
23289  AR6 N 1.03 15.9 1.15 20" 1.1 x 10" 3.1 52 x 10" 41
23292  AR6 N 1.03 16.1 1.36 20* 52 x 102 24 6.0 x 10" 41
23500 ARG Y 1.03* 14.8 1.18 20" 3.0 x 10" 23

23501  AR6 Y 1.03* 14.7 1.26 19.8 3.1 x 10" 22
23576  AR6 Y 1.03 14.7 2.31 20.3 7.6 x 10" 2.7 7.8 x 10" 38

time-space to the deuterium-deuterium fusion neutron time of
flight'"® measurement. The preheat energy coupled to the fuel was
determined as described in Ref. 107. The applied magnetic field is
determined based on the capacitor bank current and an appropriate
scale factor for the coil geometry. Convergence ratio is determined
using the average radius observed in x-ray self-emission imag-
ing.'"** The peak load current was measured using velocimetry.’”
In experiments where velocimetry data are not available, the peak
current was estimated based on comparison to other experiments
with similar initial inductance and target geometry. Input parame-
ters and stagnation conditions for the experiments discussed are
listed in Table 1.

A. Impact of preheat energy coupling

Early MagLIF experiments [using the target in Fig. 7(a)] dem-
onstrated interesting stagnation conditions with less than 1kJ of
preheat energy coupled to the fuel. In subsequent experiments that
used the target in Fig. 7(c), the neutron yield and ion temperature
increased in the low preheat energy range and reached a perfor-
mance plateau with higher preheat energy coupled to the fuel (see
Fig. 3 in Ref. 17). The experimental trends in neutron yield, ion
temperature, and fuel magnetization were all consistent with the
trends predicted in clean two-dimensional Lasnex simulations. The
enhanced preheat platform described in Sec. IT C has expanded the
range of preheat energies over which target performance can be
studied.

A series of experiments (23289, z3292) were conducted at an ini-
tial fuel density of 1.03 mg/cm® with 16T applied magnetic field and
20 MA peak load current. In these experiments, the 1.1 mm spot size
DPP was used, and the preheat energy was 1.15 and 1.35k],

respectively. Based on 2D clean Lasnex simulations, target perfor-
mance begins to plateau in this range of preheat energy. Neutron yield
and ion temperature decreased for the higher preheat energy experi-
ment (see Fig. 8).
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FIG. 8. Plots of the (a) primary DD neutron yield and (b) ion temperature as a func-
tion of preheat energy with experiments shown as circles and scaled 2D clean
Lasnex simulation results shown as dotted lines. Experiments shown in magenta
were conducted at room temperature, and experiments shown in teal were cryogen-
ically cooled to approximately 70-120 K to enable compatible fuel densities at lower
pressures. Experiments shown as open circles have caveats associated with their
configuration, which may have impacted stagnation performance relative to the pre-
dictions from Lasnex simulations.
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In 3D Hypra simulations’™ of these experiments, ~1.15kJ was
close to the maximum energy that could be deposited in the fuel by the
laser before reaching the bottom of the target. The ~0.2 k] increase in
preheat energy in 23292 may have been largely deposited into the bot-
tom of the target, increasing mix and reducing stagnation perfor-
mance. While additional laser-induced mix may have impacted
performance in z3292, these experiments are among the highest per-
forming, near repeat MagLIF experiments to date, so they were used as
a reference point for additional studies.

Efforts to extend the range of available preheat energy rely on
cryogenic target configurations. An attempt was made to replicate
23289/23292 as closely as possible but with the addition of cryogenic
cooling to demonstrate that the initial temperature of the target had a
negligible impact on stagnation performance. The cryogenically cooled
experiments (23500, z3501) underperformed compared to their room-
temperature counterparts, with neutron yields 41%-73% lower and ion
temperatures 7%-28% lower. The cryogenic cooling does not appear to
impact current coupling,” and previous efforts indicated ice growth on
the LEH window should be negligible compared to the foil thickness; **
however, a significant initial temperature gradient was noted across the
target in both 23500 and z3501. This increased the uncertainty in the
density of the fuel to roughly 25%. Lasnex simulations predict that
MagLIF performance can be a strong function of preheat energy and
initial fuel density, possibly explaining the observed difference.

An additional cryogenically cooled experiment (z3576) was con-
ducted to explore the impact of further increasing preheat energy. In
this experiment, cryostats were fielded on both ends of the target,
resulting in a negligible temperature gradient across the target.””
Additionally, the 1.5mm spot size DPP was used to decrease laser
intensity (reduced LPI concerns) and decrease the penetration depth
of the preheat (reduced mix concerns). With these modifications, the
preheat energy coupled to the fuel was increased to 2.3 kJ. This experi-
ment produced 7.6 x 10'? DD neutrons with an ion temperature of
2.7 keV, which are comparable values to those of 23289 and 23292, as
expected given the predicted plateau in performance over this preheat
energy range.

Interestingly, in the cryogenic experiments, there is a significant
change in the axial uniformity of the x-ray images compared to the
room temperature targets. In room temperature targets, the brightest
emission regions are on average 530+ 120% brighter than the
mean emission intensity, whereas in the cryogenic experiments, the
brightest emission regions are only 200 = 10% times brighter than
the mean emission intensity. X-ray self-emission images and the axial
emission intensity from 23289 and z3501 are shown in Fig. 9. The rela-
tive uniformity of x-ray images from the cryogenically cooled experi-
ments is consistent with more uniform fuel conditions within the
stagnation column. It may also indicate a change in MRTT structure,
which could be caused by a change in the low-density plasma environ-
ment'” due to vaporization of ice formed on the exterior of the liner
in cryogenically cooled targets. More uniform conditions in the stagna-
tion column and/or liner implosion are advantageous since they may
result in improved reproducibility and higher confidence in scaling to
higher currents and higher yields on a future facility. The impact of
cryogenically cooled targets on stability will be the topic of a future
study. Notably, university-scale pulsed power drivers may be well-
suited to study changes in the low-density plasma environment for
cryogenically cooled targets.
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FIG. 9. (a) X-ray self-emission image from z3289. In the image, dark represents
more intense emission. (b) X-ray self-emission image from z3501. (c) Plot showing
the signal intensity normalized to the axially averaged emission intensity for z3289
(red) and 23501 (black).

B. Impact of applied magnetic field

In early MagLIF experiments, an applied magnetic field of 10T
was provided by the magnetic field coils shown in Fig. 5(a) as this con-
figuration provided the greatest diagnostic access. Computational stud-
ies” indicated target performance would increase with stronger
applied magnetic fields. Experiments were conducted using the target
in Fig. 7(d) to evaluate stagnation performance as a function of the
applied magnetic field, while all other parameters were nominally held
constant. The initial fuel density for these experiments was 0.68 mg/
cm’ and the preheat energy was approximately 1kJ. Note that despite
using nominally the same transmission line and load region, due to
the lower mass of the coated AR target, this configuration implodes
sooner and reaches a lower peak load current of approximately 15 MA
as compared to the ARG target.' "’

A series of three experiments were conducted using this configu-
ration at approximately 10 T, producing an average ion temperature of
2.4+ 0.2keV and on average 2.9 x 10"+ 0.3 x 10'> DD neutrons.”
Increasing the applied magnetic field to 15.8 T using the coils shown in
Fig. 5(b) resulted in 29% higher temperature and 83% higher neutron
yield, as shown in red in Fig. 10. Two-dimensional clean LaSNEX
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FIG. 10. Plot of the (a) primary neutron yield and (b) burn-averaged ion temperature
as a function of the applied magnetic field for experiments (shown as triangles) and
2D clean Lasnex simulations (shown as dotted lines). The preheat configuration was
intended to be identical across the experiments, but an alignment issue with the
preheat laser may have resulted in reduced preheat energy coupling and/or
enhanced laser induced mix in z3239 and z3240 (shown in green).

simulations of this configuration exhibit similar trends as those
observed experimentally, though the simulations overpredict the ion
temperature by a factor of 1.1 and the primary neutron yield by a fac-
tor of 9.2. Note that these simulations assumed a beryllium AR9 liner
and ignored the dielectric coating used in the experiments for
simplicity.

Two additional experiments (23239 and z3240) were conducted
to extend the range of the applied magnetic field scan (shown in green
in Fig. 10) using the coils shown in Fig. 5(c). These experiments used
the coated ARY target with nominally the same initial fuel density, pre-
heat energy, and peak load current as the previous magnetic field scan
experiments (shown in red in Fig. 10). Notably, there is a significant
discrepancy between stagnation performance across these two sets of
experiments. The applied magnetic field in 23239 and 23240 did have a
9% axial gradient; however, as discussed in Sec. IT A, this is not believed
to be the source of the observed discrepancy. The preheat configura-
tion for these experiments was intended to be identical to that used in
the previous applied magnetic field scan, but a pointing error in the
alignment of the laser beam was identified after the experiments were
completed. This error may have resulted in decreased preheat energy
coupling to the fuel and/or increased laser induced mix. Within this
very limited dataset of two points, the experiments still follow the
trends observed in simulations with ion temperature increasing by
14% and primary neutron yield increasing by 43% when the applied
magnetic field increased from 15 to 20 T.

C. Impact of peak load current

Early MagLIF experiments utilized a high inductance final trans-
mission line [see Fig. 3(a)] to deliver current to the load, which resulted
in peak load currents in the 16 MA range for ARG targets with 10-mm
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tall imploding regions. A lower inductance conical transmission line
with larger anode-cathode gap spacing [see Fig. 3(c)] delivers 20 MA
to that same target. A series of experiments (23208, z3209) utilized this
new conical transmission line to deliver a higher current while retain-
ing roughly the same initial fuel density (0.68 mg/cm?) and coupled
preheat energy (0.9kJ) with a marginal increase in average applied
magnetic field (12 T). The two higher current experiments produced
neutron yields of 3.5 x 10'*> and 3.7 x 10'* and ion temperatures of
2.6 keV, which were comparable to the best performing experiments at
lower currents. 23208 and 23209 are an example of reproducible target
performance in MagLIF experiments conducted with nominally the
same input conditions.

According to 2D clean Lasnex simulations, the increase in current
from 16 to 20 MA was expected to produce a factor of 10x higher
neutron yield, but the experiments essentially showed no change (see
Fig. 11). These simulations also suggested that the convergence ratio
would increase from 40 to 49 due to the increase in current. It is chal-
lenging to assess the experimental convergence in MagLIF. There are
significant variations in the width of emission along the axial dimen-
sion of the target, suggesting that the convergence varies over the
height of the column. Additionally, there is transverse structure in the
images indicating a non-circular cross section of the stagnation col-
umn. With that said, an axially averaged convergence ratio was deter-
mined as described in Ref. 14. While there are systematic errors in this
analysis, the same methodology was applied uniformly across the data-
set allowing an assessment of the relative convergence of the experi-
ments. The observed average convergence did increase slightly from 36
(at 16 MA) to 39 (at 20 MA); however, the uncertainty in the inference
is significantly greater than the observed difference in the average con-
vergence values. The available experimental data do not support the
increase in convergence observed in the 2D clean Lasnex simulations,
where target convergence was not limited by instabilities. Previous
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FIG. 11. Plots of the (a) primary neutron yield and (b) fuel convergence ratio as a
function of peak load current for experiments (shown as squares and circles) and
2D clean Lasnex simulations (shown as dotted lines).
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studies''"'"” with other ICF concepts have shown that instabilities

limit the achievable convergence, and a comparison of the x-ray self-
emission images in low and high current MagLIF experiments'’
appears to indicate a similar limit to convergence.

Lasnex simulations” suggest that increasing the initial fuel den-
sity, applied magnetic field, and preheat energy along with the current
will result in increased yield without increasing convergence.'” The
experiments described in Sec. 11T A (23289, z3292) had increased initial
fuel density (1.03 mg/cm3), applied magnetic field (16 T), and coupled
preheat energy (1.15-1.35Kk]) relative to 23208 and z3209. Comparing
the stagnation performance of 23289 and 23292 to 23208 and 23209,
the average neutron yield more than doubled from 3.6 x 10'* to 8.2
x 10'%, and a decrease in the average inferred convergence ratio (39 to
31) was observed. The experimental-to-simulated yield ratio or “yield
over clean” (YOC) also was improved for 23289 and 23292 relative to
23208 and z3209.

To better understand the relationship that stability has on experi-
mental target performance, the YOC was plotted as a function of the
predicted convergence ratio in Fig. 12 for the experiments discussed
above excluding those with abnormal preheat and high uncertainty in
initial fuel density. This plot shows 2D clean LasNEx simulations signif-
icantly overpredict yields for configurations with simulated fuel con-
vergences >45. For configurations with lower simulated convergence,
the discrepancy between simulation and experiment generally
decreases. Similar behavior is observed in other fusion concepts: high
convergence is favorable in simulations that neglect the impacts of
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FIG. 12. A plot of the yield over clean as a function of the simulated fuel conver-
gence ratio for the experiments discussed above. Note that 23239 and 23240 were
excluded due to abnormal preheat coupling, and z3500 and z3501 were excluded
due to significant uncertainty in fuel density. The colors and shapes used to repre-
sent the experiments in the plot match those from the plots above to facilitate cross-
comparison. Vertical lines represent the 1-o uncertainty range in the experimental
neutron yields. The cyan curve represents a best fit to the data using Eq. (5), and
the black curves represent a series of 1000 fits to a Monte Carlo sampling of the
uncertainty distributions for the datapoints.
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implosion instabilities, but experiments do not match these simula-
tions."'"'"* A curve parametrized as

-1
YOC = 1 — (1 4 ¢ *(%h) (5)

can fit the data. Here, YOC is the ratio of the experimental yield the
simulated yield for a configuration, and CR; is the simulated conver-
gence ratio for that configuration. According to this equation, in the
limit where CR; > f, YOC becomes small, and for CR; < f5, YOC
approaches 1. Intuitively, these are the behaviors expected in these lim-
its for fusion targets. The best fit to the data gives o =0.191 = 0.048
and f =36.7 = 2.5 and is shown in cyan in Fig. 12. The reported confi-
dence intervals for the fitted parameters are derived from a series of
1000 fits to a Monte Carlo sampling of the uncertainty distributions of
the datapoints and represent a range of 2-¢. Figure 12 appears to indi-
cate stagnation performance becomes more predictable for simulated
convergences < 30; however, variability in the data for configurations
with simulated convergences between 35 and 40 and a lack of data
below a convergence of 35 make conclusions difficult to draw. The
plot does show that configurations with simulated convergence >45
are not well predicted by 2D clean Lasnex simulations. Development
of a lower convergence, high-performing configuration for MagLIF
will help to evaluate the predictive capability of 2D clean Lasnex simu-
lations as a function of convergence.

Recent computational efforts using Hypra have captured experi-
mental performance trends in these higher convergence configura-
tions. Hypra simulations in 3D capture the stagnation performance
and morphology in MagLIF experiments,”" but these simulations are
computationally expensive and are not used as a design tool. Two-
dimensional Hypra simulations in which sufficient axial resolution is
included to track instability growth are also able to capture MagLIF
experimental performance trends while remaining fast enough to use
as an experiment design tool.

IV. DISCUSSION AND SUMMARY

35,50

Computational studies’ " of the MagLIF concept indicate it has
the potential to scale to multi-MJ or even high yield (>200 MJ) at sig-
nificantly higher current than is achievable on the present-day Z facil-
ity. To increase confidence in the identified scaling paths for the
MagLIF concept, efforts are being made to study scaling within the
range of parameters available at the Z facility. Upgrades to the MagLIF
platform have enabled increases in the applied magnetic field, preheat
energy, and drive current, with 15T, 2.3 k], and 20 MA simultaneously
demonstrated on z3576. The increased range of input parameters
enabled experiments with significant increases in neutron production
as well as improvements in other stagnation conditions.'"> Up to 3kJ
of preheat energy coupled to the fuel is achievable with the existing
ZBL laser, continued development of the 20T applied magnetic field
capability is under way, and optimization of the final transmission line
could lead to peak load currents greater than 20 MA for the 10 mm
imploding height, ARG target.

The stagnation performance trends associated with individually
changing applied magnetic field, laser preheat energy, and peak load
current were studied. Neutron yield and ion temperature increased
with applied magnetic field following the trend observed in 2D clean
Lasnex simulations. Previous work'” has shown neutron yield, ion
temperature, and fuel magnetization follow the predicted trends with
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preheat energy in 2D clean simulations. Here, cryogenics were incor-
porated into the targets to enable higher preheat energies. Target per-
formance was relatively flat over the space studied, as predicted.
Lasnex simulations indicated increased load current would produce
significant increases in target performance as well as target conver-
gence. Experiments did not achieve the increased convergence and had
similar stagnation performance to lower current targets. When the fuel
density, applied magnetic field, and preheat energy were simulta-
neously increased along with the peak load current, stagnation perfor-
mance increased, with DD vyields as high as 1.1 x 10" and ion
temperatures as high as 3.1 keV.'” Clean 2D Lasnex simulations of this
configuration indicate that the increase in fuel density, axial magnetic
field, and preheat energy led to reduced fuel convergence at stagnation.
When simulated fuel convergence exceeded 40, experimental perfor-
mance was significantly degraded relative to simulation performance.
Experimental performance may approach 2D clean predictions when
the predicted convergence is less than 30, and for this reason, configu-
rations on the simulation-optimized scaling path are designed to main-
tain a fuel convergence below 30.

In addition to the simulation-optimized efforts to study scaling in
MaglLIF, efforts to develop a similarity-scaling path to guide choices in
the multi-dimensional input parameter space of MagLIF, are under
way.”" °° The goal of these efforts is to develop a scaling path where
key physics quantities are preserved in order to increase confidence in
projections to a higher current facility. Similar strategies have been
applied to laser indirect drive and laser direct drive inertial confine-
ment fusion concepts.'*''” With the increased range of input parame-
ters available on the Z facility provided by the new MagLIF platform,
the proposed similarity-scaling paths can be tested over a wider range,
placing greater constraints on the scaling models. Experiments to
explore this scaling path are underway.
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