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Magnetization of inertial confinement implosions is a promising means of improving their performance, owing
to the potential reduction of energy losses within the target and mitigation of hydrodynamic instabilities.
In particular, cylindrical implosions are useful for studying the influence of a magnetic field thanks to their
axial symmetry. Here we present experimental results from cylindrical implosions on the OMEGA-60 laser
using a 40-beam, 14.5 kJ, 1.5 ns drive and an initial seed magnetic field of B0 = 24 T along the axis of the
targets, compared with reference results without an imposed B-field. Implosions were characterized using
time-resolved X-ray imaging from two orthogonal lines of sight. We found that the data agree well with
magnetohydrodynamic simulations once radiation transport within the imploding plasma is considered. We
show that for a correct interpretation of the data in this type of experiments, explicit radiation transport
must be taken into account.

I. INTRODUCTION

The effect of an external magnetic field (B-field) on In-
ertial Confinement Fusion (ICF) implosions1 is a topic of
ongoing interest in the Magnetized Liner Inertial Fusion
(MagLIF)2, indirect3 and direct4 drive communities. In
laser-driven ICF, seed magnetic fields amplified by mag-
netic flux conservation during the implosion have the po-
tential to increase fusion yields by relaxing the areal den-
sity requirement for ignition. In particular, cylindrical
implosions are useful for studying these effects, as the
B-field can be applied along the axis of the targets. The
B-field compressed within the target acts in addition to
inertia to confine the hot spot, resulting in a hotter fuel5.
This opens up the possibility of high-gain implosions with
lower convergence ratios that are less susceptible to hy-
drodynamic instabilities. Magnetic fields can also effec-
tively confine D-T ions and thermonuclear α-particles6,
enhancing collisionality and fusion yield7.

The interpretation of magnetized implosion experi-
ments relies heavily on comparisons with magnetohydro-
dynamic (MHD) codes. These codes must account for
extended-MHD effects to accurately model energy and
magnetic flux transport mechanisms within the plasma8.
To add confidence on their modelling capacity of more
complicated scenarios of magnetized high-energy-density
plasmas, the underlying physics requires to be bench-
marked against experimental measurements in a sim-
plified geometry and a priori easy-to-interpret regime.
Characterizing the evolution of a cylindrical implosion

a)Electronic mail: gabriel.perez.callejo@uva.es

FIG. 1. Overview of the experimental set up. The red stalk
connected to the gas cylinder corresponds to the target holder
and gas-fill, whereas the purple coils indicate the position in
which the MIFEDS is placed in the shots. The direction of
the seed B-field (B0 = 24 T) is shown schematically. The
colorscale on the cylinder corresponds to the laser irradiation
profile. When the MIFEDS is fielded, the axial line of sight
(along the cylinder axis) is blocked.

and the compression of the fuel is fundamental to this
benchmarking process (see Palaniyappan et al.9, Sauppe
et al.10 and references therein).

In this work, we present X-ray imaging data from ex-
periments with laser-driven, magnetized cylindrical im-
plosions similar to the mini-MagLIF concept explored at
the OMEGA-60 laser11. We used two orthogonal X-Ray
Framing Cameras (XRFC) to record an axial and a per-
pendicular view of the cylinder, mapping the whole im-
plosion up to the point of stagnation. We found that,
as an effect of radiation transport within the imploding
plasma, the apparent position of the shell is systemati-
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FIG. 2. (2a) Example data of cylindrical implosions from XRFCs. The top part of the figure corresponds to 8 frames from
the axial camera, whereas the bottom part shows 8 frames from the XRFC with a view normal to the cylinder axis. Note that
the magnification (and therefore the scale) is different for each view. (2b) Corresponding synthetic 2D images produced by
postprocessing the Gorgon simulations applying radiation transport and correcting for the instrument response.

cally shifted from its real value. This platform is a simple
testbed for exploring magnetized phenomena in High En-
ergy Density (HED) plasmas, and the results presented
here are a first step towards validating theoretical stud-
ies of this scenario12. The paper is structured as follows:
in Sec. II we describe the experimental setup, physi-
cal parameters and the imaging cameras that were used,
together with the details of the simulations performed
with the Gorgon MHD code13–15. In Sec. III we sum-
marise the experimental results and compare them with
postprocessed simulations. Finally, our conclusions are
presented in Sec. IV.

II. EXPERIMENTAL SET-UP AND MODELLING

The experiments (Fig. 1) were conducted on the
OMEGA-60 laser, using a 40-beam, 1.5 ns, 14.5 kJ, 3ω
laser drive to implode gas-filled cylindrical targets. The
targets were 2.5 mm-long Parylene-N tubes with an outer
radius of 296±3 µm and a shell thickness of 18.2±1.3 µm.
The cylinders were filled with D2 gas at 11 atm (ρ =
1.81 mg cm−3) and their pressure was monitored through
a transducer connected to the target stalk on the tar-
get holder. An argon dopant (atomic concentration of
0.15%) was added to the fuel as a spectroscopic tracer
to infer the conditions of the compressed core at stagna-
tion. The targets and laser drive were in line with pre-
vious mini-MagLIF experiments16. In the experimental
set-up shown in Fig. 1 the colormap on the cylinder cor-
responds to the laser irradiation profile. The 40 driving
beams lead to a nearly uniform irradiation region close
to 700 TW cm−2 on the central ∼650 µm length portion
along the target (shown in red).

The implosion dynamics were recorded with two or-
thogonal XRFCs - one oriented along the axial line of
sight (view along the axis of the tube) and another along
a perpendicular line of sight (view of the tube from the
side). Each XRFC used a 4×4 pinhole array (10 µm pin-
hole diameter) coupled with a 4-strip microchannel plate
and an optical CCD, providing up to 16 images in each
camera covering the whole duration of the implosion.
The delay between the images within each strip was 50 ps
for both lines of sight. The exposure time of each frame
was 200 ps for the axial view, whereas the perpendicular
view had a 50 ps exposure. A 635 µm-thick Be filter was
added to both XRFCs, limiting their spectral range to
energies above ∼ 2 keV. The magnifications were M=2
and M=6 respectively. Taking this into account together
with the pinhole size, instrument response and pixel size
of each camera, yields a resolution of 18 and 12 µm for the
axial and perpendicular views respectively. Other diag-
nostics included neutron diagnostics and X-ray emission
spectroscopy of the argon dopant within the fuel. A more
comprehensive study of the results from these diagnostics
will be presented in future publications.

In the magnetized cases, a seed B-field of B0 = 24 T
was applied along the axis of the cylinder by means of
the magneto-inertial fusion electrical discharge system
(MIFEDS) pulsed-power device4. In these cases, the ax-
ial line of sight was blocked by the MIFEDS, and only a
XRFC perpendicular to the axis of the cylinder was used.

To model the implosions, we performed 2-dimensional
extended-MHD simulations using the Gorgon code13–15.
The specific characteristics of these simulations are given
in detail in our previous publication (Walsh et al.,
2022)12. Our results suggest that, while the implosion
dynamics are independent of the B-field before 1.4 ns,
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FIG. 3. Radius of the implosion measured from the (a) separation of the shell walls and (b) width of the core. The blue circles
and red squares correspond to implosions without B-field, and with a seed B-field of 24 T respectively. Data were obtained
from 9 shots with and without a seed B-field. In Fig. 3a, the purple dashed line indicates the trajectory of the shell obtained
from the Gorgon simulations, whereas the green and brown lines correspond to the apparent trajectory after postprocessing
the simulations . The simulations do not predict any differences in the implosion owing to the B-field for the first 1.4 ns. In
Fig. 3b, the solid lines correspond to the Gorgon prediction up to stagnation (prior to postprocessing) for the compressed
radius (the color of the lines indicates the seed B-field consistently). The dotted lines correspond to the results from Gorgon
after accounting for radiation transport and instrument response. Note how the differences in core compression caused by the
B-field are washed out by radiation transport and could not be experimentally distinguished.

there is a significant difference in the density of the com-
pressed fuel, which translates in a difference in the com-
pressed radius between the magnetized (∼ 6 µm) and the
non-magnetized (∼ 4 µm) implosions. This is due to com-
pression of the seed B-field, which is frozen-in to the
imploding plasma and exceeds 10 kT at stagnation. Col-
lisional energy losses are heavily reduced in this magne-
tized regime, increasing the temperature in the core and
hence the thermal pressure. Magnetic pressure is also
significant in the magnetized implosions, increasing core
pressure and reducing the overall level of compression12.

III. X-RAY IMAGING DATA AND DISCUSSION

An example of XRFC data is shown in Fig. 2a, where
the top half of the image shows 8 frames from the axial
view and the bottom part corresponds to 8 frames from
the perpendicular view. X-ray emission is observed as
early as ∼0.39 ns from the axial view, where t = 0 cor-
responds to the start of the laser drive. Fig. 2b shows
a composition of synthetic images produced by postpro-
cessing the 2D Gorgon simulations. To do so, we ap-
plied free-free radiation transport (accounting for both
the core and the shell) in either the axial or normal di-
rection of the cylinder, and corrected for the instrument
filtering and resolution. This mimics the observable data
and permits a direct comparison. Hereafter, we will refer
to the postprocessed results as apparent.

Two different metrics were used to analyze these im-

ages: the separation between the two intensity peaks
coming from the imploding shell and the width of the
compressed core. These two metrics are not always avail-
able since core emission is negligible at early times but
dominates over shell emission later in time (see Fig. 2).
The two metrics therefore provide information over two
different periods of time and are not directly compara-
ble. A compilation of measured shell and core radii with
(red points) and without (blue points) a seed B-field, us-
ing these two metrics is shown in Figs. 3a-b respectively.
The shell data were obtained from 9 shots using a com-
bination of both XRFC lines of sight, whereas the core
measurements were obtained from 5 of the shots along
the perpendicular line of sight. For the cases with a seed
B-field, no data are available at early times, since the
axial view was blocked by the MIFEDS coils. The verti-
cal error bars correspond to the resolution of the images.
This translates to an error of ∼ ±6 µm for the perpen-
dicular view and ∼ ±9 µm for the axial view. The hor-
izontal error bars are related to the exposure time from
each XRFC. The shell and core radii with and without
a seed B-field show no significant difference and, overall,
the data is highly reproducible.

The purple dashed line in Fig. 3a corresponds to the
trajectory of the shell as predicted from the MHD simu-
lations, whereas the green and brown lines correspond to
the apparent position of the shell for both views, once ra-
diation transport and instrument response are taken into
account. In this case, we used the same metrics as for
the experimental data in order to have a direct compari-
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FIG. 4. Normalized lineouts through the center of the target
of the intensity on the synthetic postprocessed image (blue)
and the electron density from the MHD simulation (red).
These correspond to t = 1.40 ns for the case with B-field=0 T.
The densest parts of the plasma do not correspond to the
brightest intensity, leading to an apparent radius on the de-
tector further from the axis of the cylinder.

son. Each of these lines is only shown for the times where
data with the corresponding view were obtained. It can
be seen how, although there is a ∼ 50 µm jump in the
apparent radius of the target when switching from axial
to normal view, there is good agreement between exper-
imental and synthetic data for the whole duration of the
implosion, while there is systematic shift with respect to
the predicted shell position (purple dashed line).

This postprocessing is crucial in order to compare data
and simulations. If we only considered bremsstrahlung
emission, the peak signal on the detector would corre-
spond to the densest part of the plasma. In reality,
however, this is not the case, owing to radiation trans-
port. The effect of opacity is non negligible, and there-
fore, the densest parts of the shell partly absorb the
bremsstrahlung emission thus shifting the position of the
peak intensity outwards with respect to the position of
peak density. As illustration, Fig. 4, compares two line-
outs through the center of the cylinder at 1.40 ns. The
blue line corresponds to the intensity that reaches the de-
tector, as obtained from the postprocessed simulations,
whereas the red line corresponds to the electron density
profile. It can be seen how the most intense region in the
detector is shifted by ∼ 30 µm with respect to the posi-
tion of the shell (peak of the electron density profile).

A particularly interesting consequence of the combined
effect of radiation transport and the instrument response
is that, at early times during the implosion (∼ 0.4 ns) the
apparent radius of the shell is larger than the initial tar-
get radius (300 µm). This is observed in both the experi-
mental and the synthetic data with an axial view (green
line). This fact is not a direct consequence of radiation
transport, as it only appears when the Be filtering in the
detector is taken into account. The mid-energy emission
from the dense plasma is heavily absorbed by this filter,
prior to reaching the detector, whereas the high energy
photons (5 − 20 keV) from the ablated plasma reach the

detector without being absorbed neither by the plasma
nor by the Be filtering.

The black line in Fig. 3a shows the mean trajectory
from all the data points. Linear behaviour observed be-
tween ∼ 0.4 and ∼ 1.1 ns was used to estimate an appar-
ent implosion velocity of 200 ± 10 km/s at early times.
The implosion then accelerates from ∼ 1.1 ns onward,
reaching a velocity of 280 ± 40 km/s. These values are
consistent with the apparent velocity from the postpro-
cessed simulations, and the results from previous work16.

Figure 3b shows measurements of the compressed
cylinder radius. The convergence ratio (CR = R/R0)
was estimated by taking the mean core radii of R ∼
15 µm, resulting in a value of CR ∼ 20. The solid lines
in this figure correspond to the values predicted by Gor-
gon for both unmagnetized (blue) and magnetized (red)
implosions up to stagnation (t =1.50 ns). Given that the
measured core radius is also limited by the spatial reso-
lution of the XRFC and the blurring effect of radiation
transport, the simulated values are not directly compa-
rable with the experimental data. In order to establish a
direct comparison, the dotted lines correspond to the core
radius obtained from the postprocessed simulation (using
the same color code). Note that, once these effects are
taken into account, the differences in compression owed
to the B-field are indiscernible and the lines overlap.

We observe a difference between experiment and sim-
ulations, where the experimentally-observed compressed
radius is ∼ 1.9× larger than the predictions from ex-
tended MHD simulations. This discrepancy may have
several causes which are currently being investigated, in-
cluding target pre-heat caused by hot electrons, mixing
of the ablator into the fuel, limitations of 2D versus 3D
modelling, or azimuthal hydrodynamic instabilities that
lie below the XRFC resolution - all of which may con-
tribute towards reduced implosion performance. A sim-
ilar convergence discrepancy between 2D MHD simula-
tions and experiments has been previously reported in
analogous cylindrical implosions at OMEGA17, with pre-
dicted areal densities 2 − 3× higher than measurements.

IV. CONCLUSIONS

We have measured the radial compression of 14.5 kJ
laser-driven cylindrical implosions with and without an
applied B-field of 24 T, combining x-ray images taken
from axial and normal views. Our results indicate that
the implosion speeds up at ∼ 1.1 ns, accelerating from
200 km/s to 280 km/s. Stagnation occurs at ∼ 1.5 ns and
lasts for ∼ 200 ps.

The X-ray imaging data agree with extended MHD
simulations once radiation transport and instrument fil-
tering are taken into account. We find that these effects
are crucial to the interpretation of the data, since they
result in an apparent size of the cylinder which is larger
than in reality.

Additionally, a significant difference was observed in
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the compressed core radius at stagnation, with the post-
processed MHD simulations predicting a smaller appar-
ent radius than observed.
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