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This Letter presents the first observation on how a strong, 500 kG, externally applied B field increases
the mode-two asymmetry in shock-heated inertial fusion implosions. Using a direct-drive implosion with
polar illumination and imposed field, we observed that magnetization produces a significant increase in the
implosion oblateness (a 2.5x larger P2 amplitude in x-ray self-emission images) compared with reference
experiments with identical drive but with no field applied. The implosions produce strongly magnetized
electrons (w,7, > 1) and ions (w;z; > 1) that, as shown using simulations, restrict the cross field heat flow
necessary for lateral distribution of the laser and shock heating from the implosion pole to the waist,

causing the enhanced mode-two shape.
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In inertial confinement fusion (ICF) [1-3], powerful
lasers are used to rapidly compress a spherical capsule to
reach high central temperatures (> 4 keV) for thermonu-
clear fusion [4]. If an external magnetic field is applied to
ICF implosions [5-7], the field is compressed with the
implosion to several times its seed value [8,9]. The field can
boost the central temperature by reducing cross field heat
losses [10,11], and amplify the fusion self-heating by
trapping the charged particles (fusion products) within
the hot spot in an ignition experiment [7]. A number of
numerical studies [5-7,12,13] and a few experiments [14—
16] show the effects of magnetizing an ICF implosion. With
recent advances allowing the generation of ever-higher B
fields for this purpose [17-22], it is important to exper-
imentally investigate the effect of a strong applied B field
on implosions.

Previous magnetized-ICF experiments [14-16] con-
ducted at the OMEGA laser [23] used an initial B field
of =80 kG externally imposed on plastic capsules. Both
cylindrical and spherical capsules were used, with a shell
thickness of =25 um and filled with deuterium (D) fuel.
These directly driven implosions produced a convergence
ratio (CR), i.e., a ratio of capsule initial and final radii, of
~25x. Considering the B field to be frozen in the D fuel,
the initial field is compressed with the implosion

By/By = CR?>~ 625x%, to 30 MG. In the cylindrical
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experiments, 3040 MG fields were measured [14], showing
good agreement with the frozen-field estimates. In the
spherical implosions, the compressed field produced an
increase in fusion yield (by 30%) and temperature (by
15%) [15,16]. No discernible difference in implosion shape
due to the magnetization was observed in x-ray backlit
images [15,16]. It was argued, since the plasma beta
(f = plasma/magnetic pressure ratio) is typically large
(=10?), the applied B field had little or no effect on the
implosion shape. However, recent simulation studies
[24,25] with a stronger applied B field anticipate an increase
in the Rayleigh-Taylor instability growth and shape non-
uniformity arising from a suppression in thermal transport
caused by magnetization. In this Letter, we report the first
experimental results showing how strong applied B fields
and subsequently strong plasma magnetization, although at
p > 1, affect the shape of directly driven implosions.

The OMEGA laser facility [23] was used to conduct
“exploding pusher” [26,27] implosions with a 500 kG seed
B field externally imposed on the capsules. A schematic of
the experiments is shown in Fig. 1(a). The capsules were
spherical shells of 430 ym outer radius with 2.5 ym glass
walls and filled with a (1 mg/cc) low-density gaseous
mixture of DTHe at 1:9: 10 atomic ratio serving as fusion
fuel. The implosions were driven with 40 of the OMEGA
laser beams delivering 16.9 kJ energy in a 1 ns duration

© 2022 American Physical Society
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FIG. 1. (a) Schematic of the magnetized implosion experiment,
(b) the current carrying coil producing the applied B field, and
(c) variation in intensity of laser drive with polar angle.

square pulse. A current carrying coil, shown in Fig. 1(b),
attached to MIFEDS [21] was used to produce the applied
B field. A nonuniform laser illumination, shown in Fig 1(c),
with a relatively higher intensity at the capsule poles than at
the waist (a 45% peak-to-valley variation) was used to drive
the implosion. The laser drive launches a strong spherically
converging shock wave into the capsule. The shock
rebounds at the center of the implosion, creating fusion
relevant temperatures in the fuel (the measured bang time,
yield, and temperature are listed in Table I). The thin glass
shell is mostly ablated by the laser. The fuel converges by
approximately a factor of =3x (Table I:c), and the
applied B field is compressed with it to a few mega
Gauss (Table I:1), producing a fully ionized and magnetized
plasma roughly 140 ym in radius.

Three capsules were shot, two with the B field applied
and one reference shot without the field. Table I lists the
key experimental results, all inferred from measured
quantities. The fuel plasma is highly conductive and has
a very large magnetic Reynolds number Re > 10° (see
Table I:k and table footnotes), similar to Ref. [28]; this
implies that the applied B field is frozen in the fuel plasma
and compressed to By ~3-5 MG (Table Ll). The com-
pressed field value is validated with resistive magneto-
hydrodynamic (MHD) simulations (discussed later) and is
consistent with previous magnetized-ICF experiments with
similar fuel conditions [14]. The large plasma f of 2200
(Table I:m), with values similar to those in Refs. [15,16],
imply the magnetic pressure is smaller than the plasma
pressure and has no effect on the RTI growth and
implosion shape.

In a strongly magnetized plasma the Hall parameter y =
wt = A/ris > 1, i.e., gyro frequency times collision time

wt > 1, or the gyro radius r is shorter than the collision
mean-free path A. The Hall parameter scales with the
observable as y o« T3/2B/(m'/?n). In the experiments, an
electron Hall parameter of y, ~ 50 and an ion Hall para-
meter of y; ~7 (for D and T ions) are inferred (shown in
Table I:p). Since the Hall parameter scales with particle mass
as y o« m~'/2 it is more challenging to magnetize ions over
electrons, and ion magnetization has not been demonstrated
previously in laser-driven high-energy-density (HED)
experiments. However, the spherically converging strong
shock in exploding pushers heats the ions to very high
temperatures (7; 5 x T, from Table I:f) and since y «
T3/? this platform is capable of producing strongly mag-
netized ions y; > 1 in addition to electrons y, > 1, which is
a salient feature of these experiments. Consequently, the
shorter gyro radius r,;; (Table I:'n) compared with the
collision mean-free path 4,/ (Table L:h) limits electron
and ion transport perpendicular to the applied B field (L),
which for the ions can be associated with a suppression in
ion Knudsen number in the L direction mag-Kn, /Kn =
;(i‘l ~ (.14 (Table I;j) [26]. However, the transport in the
direction || to the B field is unaffected. As aresult, the ratio of
L to || thermal transport is suppressed by « | /x| (e) ~ 10~
for electrons and « /K (i) ~ 1072 for ions (shown in
Table I:q), which can produce a significant directional
anisotropy in the heat flow.

The main result is shown in Fig. 2 in the form of x-ray
images of the implosions. The images show time-integrated
emission taken with the gated monochromatic x-ray imager
[29] in the 2-7 keV range, viewing along the implosion
waist, i.e., from a polar angle approaching 90°, a view
similar to in Fig. 1(c). As illustrated in Fig. 2, the laser
heating was higher at the capsule poles than at the waist,
with the B field axis running vertically through the center of
the images in (b). The darker regions correspond to higher
levels of x-ray emission. A comparison between the
unmagnetized [Fig. 2(a)] and magnetized [Fig. 2(b)]
images show an increased mode-two amplitude when the
B field was applied, with a clear correlation between the
applied field axis and the mode-two phase. A Legendre
polynomial fit to the highlighted contour is used to estimate
the average radius of the implosion PO and the amplitude of
the dominant mode-two (P2) asymmetry. In addition to the
40% of peak intensity contour, the 17% and 30% contours
were also used for the analysis; they produced the same
mode-two amplitude. The P2/P0 ratios are listed in
Table I:c. The unmagnetized case produced only a slightly
oblate spheroid shaped implosion with a P2/P0 = —9%
and a/b = 1.115. The magnetized case produced a sig-
nificant increase in oblateness with P2/P0 = —23% for
both shots and a/b = 1.434 and 1.457 for shots 95292 and
95297 respectively, showing that the field causes the
capsule waist to converge less. An increase in oblateness
is visible in both the limb brightened outer edge and the
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FIG.2. X-ray self emission images of the (a) unmagnetized and
(b) magnetized implosions. The shot number, average radius of
the marked contour (corresponding to 40% of peak intensity), and
the oblateness parameter a/b (ratio of major-to-minor axis) are
listed below each image.

inner regions of the images. Although the laser intensity is
1.8x higher at the pole than at the waist, the relatively
round shape for the unmagnetized case suggests that the
energy coupled at the pole is conducted laterally to the
waist, and for the magnetized case the waist is energy
starved. These are the first experimental x-ray images that
show a discernible increase in the mode-two asymmetry
caused by a strong applied B field.

The magnetized shots exhibit a relative drop in yield
compared with the unmagnetized reference shot. The
relative yields [Y, /Y] are listed in Table I. Fusion yield
for 14.1 MeV DT-neutron, 14.7 MeV D*He-proton, and
9.5 MeV T°He-deuteron all show a degradation in the
[Y,/Ynog], by 2#20%, ~60%, and ~50%, respectively. The
degradation in yield clearly outweighed any boost in yield
arising from the magnetization. The drop in yield with
applied B field confirms the conclusion drawn from the
x-ray images, that the applied magnetic fields produced an
increase in implosion asymmetry.

The following key differences between these and pre-
vious magnetized experiments [14-16] facilitated the
measurements: (i) The plasma electrons and ions are
strongly magnetized with y, ~ 50 and y; ~ 7 significantly
higher than y, ~ 1 and y; = 0.01 in previous experiments
[14-16]. The higher magnetization increases the anisotropy
in thermal transport. In order to produce strong magneti-
zation, i.e., y o T%?B/(m'/?n) > 1, a higher initial B field
is used (500 kG, versus 80 kG used previously). Since low
density and high temperature are favorable for magnetiza-
tion, exploding pushers are used for their low CR of x3x,
high 7, ~ 11 keV, and T, %2 keV—versus compressive
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4
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FIG. 3. Density profile at bang time (a), and synthetic x-ray self
emission images (b), from simulations with 0 kG (left) and
500 kG (right) applied B field. The shorter curved arrows in
(b) represent a reduced cross field heat flow (g ).

implosions with higher CR = 25x, lower T; ~2-4 keV,
and comparable 7', =~ 2—4 keV—used previously [15,16].
(ii) A nonuniform laser illumination, serving as seed
perturbation for B-field anisotropy, is used for the ease
of low-mode shape measurements. In previous experi-
ments, the laser beams driving the capsule poles were
repointed toward the waist [16]. Beam repointing was not
applied in these experiments. Finally, (iii) the exploding
pusher implosions, by virtue of their low CR, are less
susceptible to mid- and short-wavelength background
asymmetries [30,31] arising from various extraneous
sources that can affect the clarity of x-ray images.
Two-dimensional simulations of these implosions using
the extended-MHD code Gorgon [32-34], shown in Fig. 3,
also produce an increase in oblateness (or mode-two) due to
magnetization with the same mode-two phase with respect
to the applied field axis like in the experiments. The P2/P0
estimated from simulations with no B field and 500 kG
applied field are ~ — 25% and =~ — 63% respectively. This
indicates that the magnetization enhances the P2 amplitude
~2.5%, which agrees with the experimental result. The
simulations used the same laser illumination pattern as in
the experiments and take into account the effect of
magnetic pressure and heat-flow suppression due to the
magnetization of electrons and ions [35-37]. Although the
B field is compressed to mega Gauss levels in the shocked
fuel (Fig. 4), simulations show that the plasma beta is large
S~ 102-10° > 1 in the shocked fuel and in the conduction
zone. Simulations with the magnetic pressure term turned
off in the code show no difference in the implosion shape.
Consequently, the magnetic pressure has no effect on the
symmetry. The magnetic transport in Gorgon has been
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FIG. 4. Magnetized shock-driven implosion at 100 ps prior to
shock rebound at the center. (a) Illustration showing magnetiza-
tion (y, > 1 using yellow) in the shocked fuel and the conduction
zone. The applied B-field lines exit near the pole to close outside
the implosion. Lineouts from the Gorgon simulation taken along
the implosion waist (b) and pole (c). (d) Lineouts showing
electron- and Triton- Hall parameters (w,7, and w;7;) along the
pole and the waist.

benchmarked against magnetic flux compression experi-
ments at OMEGA [38]. The heat flux is given by [24]

qg= —K“V“Tg/i - KLVLTe/i - K/\l; X vTe/i (1)

where the x| term, representing heat flow parallel to the
applied B field, is independent of magnetization [39]. The
heat flow perpendicular to the B field is reduced by
K| )(;/zi, and the cross gradient (Righi-Leduc) heat flow
is reduced by , oz [37].

The pole-heavy laser drive deposits more energy at the
capsule pole and consequently drives a stronger shock at

the pole than at the waist. In the unmagnetized case, the
lateral heat flow is responsible for distributing the laser and
shock heating from the pole to the waist. In the magnetized
case, shown in Fig. 4, the lateral heat flow ¢ is suppressed
at regions with Hall parameter y > 1 in the conduction
zone and in the shocked fuel, shaded with yellow in (a). A
comparison between lineouts taken along the waist
[Fig. 4(b)] and along the pole [Fig. 4(c)] shows a lag in
the position of the shock front and the electron heat front at
the waist. In the shocked-fuel region, the frozen-in B field is
compressed to a few mega Gauss which magnetizes the fuel
electrons and ions, i.e., y./; > 1 [Fig. 4(d)]. Note, since the
post-shock ions are significantly hotter than the electrons,
the ion heat conduction is not negligible in this region. As a
result of magnetization, the g, heat flow is restricted,
causing the lag in the shock front and electron heat front at
the waist (but the q| heat flow is not restricted). The
difference in heat flow produces a difference in dynamics
between the waist Fig. 4(b) and the pole Fig. 4(c) that
increases the mode-two asymmetry in the magnetized case.
In addition to the shocked fuel, the conduction zone is also
magnetized, as shown by Walsh et al. [24]. Although the
resistive ablator plasma diffuses the B field out of the
conduction zone [at the waist, see Fig. 4(b)], the pole
retains the field [see Fig. 4(c)] because the applied B field is
normal to the ablator surface. The electrons at the pole are
magnetized y, > 1 [Fig. 4(d)], and restrict the lateral heat
flow to the waist [24], shown in Fig. 4(a). In summary, the
increase in mode-two with magnetization is caused by
(i) the strongly magnetized electrons and ions in the
shocked fuel and (ii) the strongly magnetized conduction
zone electrons at the implosion pole. The magnetization at
both regions causes an anisotropy in the heat flow between
directions || and L to the applied B field, essentially
suppressing the lateral heat flow responsible for distribut-
ing the laser and shock heating from the pole to the waist.

In conclusion, it was shown that imposing strong B fields
on shock-heated ICF implosions with a pole-heavy direct-
illumination produce an increase in the mode-two shape.
Strong magnetization of the electrons and ions restricts the
cross field heat flow responsible for the lateral distribution
of the laser and shock heating from the pole to the waist.
This Letter reports on the first experimental results showing
how an applied B field affects the symmetry of ICF
implosions. These results motivate future investigations
of the correlation between laser-drive uniformity and
applied B-field strength in strongly magnetized ICF implo-
sions. As magnetization of ICF implosions potentially
improves fusion gain, similar studies with a strong applied
B field on isentropic compression targets are necessary to
identify limits on drive nonuniformity that can be sustained
as higher initial magnetic field values and strong magneti-
zation conditions (y,; > 1) are explored.

This new experimental platform, using a strong B field
applied to shock-heated implosions, provides a unique
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recipe for producing both strongly magnetized ions
(yv; > 1), with an ion Hall parameter comparable to
MagLIF implosions [40,41], and electrons (y, > 1), at
high-power laser systems, providing access to strong
magnetization regimes with the potential for additional
discoveries through future studies on magnetized transport,
like thermal conduction and ion viscosity o y;2 [42-44],
thus, opening avenues for future magnetized HED plasma
research.
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