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Magnetization is a key strategy for enhancing inertial fusion performance, though accurate char-
acterization of magnetized dense plasmas is needed for a better comprehension of the underlying
physics. Measured spectra from imploding Ar-doped D2-filled cylinders at the OMEGA laser show
distinctive features with and without an imposed magnetic field. A multi-zone spectroscopic diagno-
sis leads to quantitative estimates of the plasma conditions, namely revealing a 50% core temperature
rise at half mass density when a 30 T seed field is applied. Concurrently, experimental spectra align
well with predictions from extended-MHD simulations, providing strong evidence that the attained
core conditions at peak compression are consistent with the impact of a 10 kT compressed field.
These results pave the way for the validation of magnetized transport models in dense plasmas and
for future magnetized laser implosion experiments at a larger scale.

The pursuit of controlled fusion in the laboratory is
one of the most visible challenges in High-Energy-Density
(HED) plasma science. The National Ignition Facility
(NIF) focused global attention by achieving scientific
fusion breakeven on December 5, 2022, with a record
3.15 MJ fusion yield out of 2.05 MJ of input laser energy
(target gain ≈ 1.5) [1]. While this is a critical milestone,
target gains at least ten-fold will ultimately be required
to harness inertial fusion energy for power generation.

In the Magneto-Inertial Fusion (MIF) concept, an ini-
tial (seed) magnetic field (B-field) is amplified with the
compressing target as a result of magnetic flux conser-
vation [2, 3]. Magnetized implosions have the potential
to achieve higher fusion gains than conventional Iner-
tial Confinement Fusion (ICF), through enhanced alpha-
particle confinement [4–7] and suppression of electron
thermal conduction losses perpendicular to the direction
of the B-field [8, 9]. It can also improve the stability
of the implosion, by mitigating Rayleigh-Taylor hydro-
dynamic instabilities [10, 11] and by relaxing constraints
on implosion velocities required to reach ignition condi-
tions.

One caveat in magnetized spherical implosions is that
the B-field cannot be everywhere aligned perpendicu-
larly to the compression direction, which leads to a the-
oretical maximum 40% enhancement of core tempera-
ture from magnetization [12, 13], as well as implosion
asymmetries [14–16]. In contrast, in cylindrical implo-
sions, the magnetic field direction can be conveniently
aligned along the target axis while it is being radially
compressed [17, 18], hence no such limit exists and mag-

netization effects are easier to probe. Moreover, the un-
derlying physics of B-field compression and magnetized
heat transport is easier to model in this geometry, which
allows magnetohydrodynamics (MHD) codes to be more
easily tested [9]. A laser-driven cylindrical implosion
platform has been developed at the OMEGA laser facil-
ity [19–22] providing a testbed for MIF-relevant experi-
ments [22, 23] and paving the way to the first experimen-
tal validations of magnetized transport models in dense
plasmas [12].

Accurate diagnosis of plasma conditions is paramount
for such model validation and understanding of underly-
ing physics. In most implosion experiments, the elec-
tron temperature Te is inferred from the slope of the
bremsstrahlung spectrum [24], and the ion temperature
Ti from neutron time-of-flight (nTOF) detectors [25].
Density is then deduced from Ti, either assuming a
uniform hot-spot or invoking an isobaric compression
model [13]. However, neutron spectral measurements are
susceptible to plasma flows and drive/target imperfec-
tions, resulting in large experimental fluctuations hin-
dering data inference [26, 27]. This is evidenced in a
similar configuration as the work presented here, in [22],
where the neutron-average ion temperature of repeated
unmagnetized shots was comparable to the change ob-
served between unmagnetized and magnetized shots.

Seeking a more robust method to diagnose magneti-
zation changes in the imploding plasmas, we added a
dopant into the fuel to extract electron temperature and
density information encoded in its X-ray line emission
spectrum. While this is a well-established technique in
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unmagnetized scenarios, e.g. [26, 28–32], and more re-
cently in the MagLIF context [33–35], to the best of our
knowledge, it has never been used to diagnose strong
magnetization in laser-driven implosions.

In this Letter, we report a consistent record 50% in-
crease in the temperature of the core and a ∼ 2× de-
crease in the core density achieved through cylindrical
implosion experiments carried out at the OMEGA laser
facility when a 30 T seed B-field is applied. For the first
time, magnetization effects in cylindrical implosions are
reproducibly demonstrated from the systematic changes
in K-shell emission lines from Ar-dopant added to the fuel
(while neutron measurements were inconclusive). The
results were obtained using a multi-zone spectroscopic
model and random χ2-minimization analysis of the en-
tire Ar-dopant K-shell emission spectra with and without
applied seed B-field. As such, the present work provides
a first decisive step towards using advanced spectroscopy
techniques in implosion experiments to benchmark mod-
els of magnetized transport in dense plasmas – an idea
first outlined in [9]. We will show that, at similar conver-
gence, the experimental data with and without applied
B-field align well with the predictions from 2D extended-
MHD simulations, indicating that the observed differ-
ences in temperature and density are effectively induced
by the seed B-field being compressed to ∼ 10 kT.

A schematic of the experimental setup is shown in
Figure 1. The targets are 2.5 mm-long cylinders, with
an outer diameter of 600 µm, enclosed by a 19 µm-thick
plastic shell. Targets are filled with D2 gas at 11 atm
(1.81mg/cm3) and doped with 0.13 at% of Argon. They
were symmetrically imploded using a 40 beam, 14.5 kJ
laser drive, with a 1.5 ns square pulse (rise and fall
times of ∼ 100 ps) at a laser wavelength λ = 351 nm.
The laser beams form a quasi-uniform irradiation pat-
tern at an intensity of ∼ 700TW/cm2 over a ∼ 0.7mm
cylinder length. The implosions are magnetized using
the Magneto Inertial Fusion Electrical Discharge System
(MIFEDS) electromagnet [36], delivering a seed B-field
of 30 T along the axis of the targets. X-ray framing cam-
eras (XRFC) were used to track the implosion trajectory,
while an X-ray flat crystal spectrometer (XRS) [37] col-
lected the K-shell line spectra from the argon tracer to
diagnose the conditions of the compressed core.

The experiments were modeled using the 2D extended-
MHD code GORGON [15, 38–40], with the setup of the
MHD simulations discussed in [9]. Figure 2a shows the
experimental values for the radius of the compressed core
near maximum compression for both the 0 T (blue) and
30 T case (red) together with the predictions from 2D
extended-MHD simulations (solid lines). The experimen-
tal core radius is defined as the half width at half maxi-
mum of the fuel emission in the XRFC images (see Fig. 2a
inset). The predicted core radius is obtained by a convo-
lution of the D2 fuel radius in the simulations with the
instrument response, in order to compare the same ap-
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FIG. 1. Schematic of the experimental setup. The colorscale
on the cylinder corresponds to the laser intensity. The two
pulsed-power coils were assembled in a Helmholtz-like config-
uration, producing a seed B-field of 30T along the cylinder
axis. The fill-tube and line-of-sights to main diagnostics (X-
ray framing camera and spectrometer) are also shown. The
insert gives the geometrical details and composition of the
gas-filled cylinders.

parent radius between experiment and simulations [41].
At maximum compression, the measured core radius

was for both with and without applied B-field ∼ 12 −
15 µm, while the simulations predict a minimum appar-
ent radius of ∼ 8 − 10 µm. This is a common discrep-
ancy in this type of experiments, since in 2D cylindrical
simulations, the laser irradiation is averaged along the
azimuthal direction, and therefore drive asymmetries are
not fully captured. Such drive asymmetries result in the
growth of hydrodynamic instabilities which can become
comparable in size to the small hot spots obtained here
near maximum compression [23, 42]. Even when fully in-
cluding drive asymmetries in 3D simulations, it is found
that other experimental variations can distort the implo-
sion and reduce hot-spot confinement [43].

Notwithstanding, our simulations accurately repro-
duce the radial evolution of the compressed core up to
1.45 ns after the onset of the laser pulse [41], when peak
compression is observed in the experiment (i.e. when the
simulated core radius matches the value of ∼ 12 µm mea-
sured at peak compression with XRFC). Figure 2b shows
the temperature (left) and density (right) of the cylinder
at t = 1.45 ns for the magnetized (top) and unmagne-
tized (bottom) simulations. At this time, the seed B-field
is already compressed to 10 kT, significantly altering the
hydrodynamic conditions of the fuel. The compressed
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FIG. 2. a) Core radius near maximum compression, measured
from the XRFC. The solid lines correspond to the core radius
predicted from the 2D extended-MHD simulations. The inset
shows an example image from the XRFC, taken at t ∼ 1.45 ns.
b) Temperature (right) and density (left) of the plasma for
B0 = 30T (top) and B0 = 0T (bottom) extracted from
the 2D extended-MHD simulations at t = 1.45 ns, when the
simulated core radius is closest to the experimental value of
r ∼ 12µm at maximum compression.

B-field’s effects are evident in both the temperature in-
crease (due to reduced energy losses) and the decrease in
the core density (owing to the effect of magnetic pressure)
[9].

The space- and time-integrated Ar emission spectra
collected in the experiment and averaged over 4 mag-
netized shots (B0 = 30T) and 2 unmagnetized shots
(B0 = 0) are shown in Figure 3, respectively in a) and
b). A total of six main line transitions in two different
charge states are observed, i.e. Heα (1s2p→1s2), Heβ
(1s3p→1s2) and Heγ (1s4p→1s2) in He-like Ar, and Lyα

(2p→1s), Lyβ (3p→1s) and Lyγ (4p→1s) in H-like Ar.
Weaker, and sometimes heavily blended with parent line,
satellite lines arising from autoionizing states in He- and
Li-like Ar are also present in the data. The Heα line
has been excluded in the 0 T case, since the spectrome-

ter presented a shielding defect for those shots, resulting
in a spot of parasitic light that obscured the Heα region.
Remarkably, the spectra in both cases were highly repro-
ducible, exhibiting an almost perfect overlap for repeated
shots, as shown by the min/max band in the plots. Fur-
thermore, systematic differences in the spectra are ev-
ident between unmagnetized and magnetized cases. In
the magnetized scenario, the ratios of H-like to He-like
Ar line intensities are notably higher, indicating an in-
crease in the population of H-like Ar ions, which suggests
a hotter core for the magnetized implosions.

To measure the imploding core conditions in both mag-
netized and unmagnetized cases, we performed an inde-
pendent spectroscopic analysis, requiring no inputs from
MHD simulations or implosion models for spatial profiles
of core temperature and density. Experimental spectra
were fitted using a multi-zone spectroscopic model, which
accounted for possible radial gradients in the plasma con-
ditions and radiation transport effects along the diagnos-
tic line-of-sight. Raw data were corrected for frequency-
dependent Be filter attenuation, crystal reflectivity, X-
ray film response, and continuum emission subtraction
before model comparison. The required atomic level pop-
ulation distributions, emissivities and opacities were cal-
culated with the collisional radiative model ABAKO [44]
and state-of-the-art Stark-broadened line shapes were
provided either by the computer simulation code SIM-
ULA [45, 46] or MODELA –a numerically-improved ver-
sion of the standard Stark broadening theory [47, 48]–
for the main and satellite transitions, respectively. The
frequency-dependent attenuation of the line emission due
to shell opacity was also taken into account [30, 31]. The
instrument resolution was reproduced by a convolution
with a Gaussian filter of the appropriate width.

A random-search χ2-minimization was then performed
over a comprehensive database of frequency-dependent
emissivities and opacities calculated across a wide range
of density and temperature conditions. To constrain the
model search, in alignment with implosion physics, we
made the fundamental assumption of a monotonic in-
crease/decrease in core density/temperature with radius.
We set the number of radial zones to six, which we found
to be an optimal value between the computational cost
of the minimization procedure and the need to capture
sufficient spatial structure for a reliable fit to the data.
The only user input required for this analysis was the
core radius, set to 15 µm based on our XRFC results.
Importantly, we found that the averaged conditions ex-
tracted from the fit remained effectively independent of
the chosen core radius (within the uncertainties given by
the XRFC data), which supports the robustness of the
results.

Figure 3 also presents the best-fitting spectra (black
dashed lines) and the corresponding intensity contribu-
tions from different radial zones of the core (colored
dashed lines) along the line-of-sight –being zone 1 the
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FIG. 3. Time-integrated Ar K-shell spectra for B0 = 30T (red in a) and B0 = 0 (blue in b), normalized to the peak of the
Heβ . Narrow min/max error bands demonstrate high data reproducibility. Multi-zone spectroscopic model fits are shown on
top, with the total spectra as the black dashed line, and the contribution from different radial zones marked as a dotted colored
line. Raw data were post-processed to correct for the instrument response and continuum emission.

innermost zone and zone 6 the outermost one–. These
are compared to the mean experimental spectrum for
the magnetized case and the unmagnetized case. As ex-
pected, we note that He-like lines are dominated by the
contribution from outer (colder) zones, while H-like lines
emerge from deeper (hotter) zones inside the core. The
contribution from zones 1 and 2 is minimal in the magne-
tized case, indicating a high temperature (> 2.5 keV) at
the core center, where Ar would be almost fully ionized,
resulting in the loss of line emission.

Our model tends to underestimate the emission of
satellite lines, with the most noticeable discrepancy oc-
curring in the case of He-like satellites to Lyα. This
disagreement could, in principle, be attributed to unac-
counted non-uniformities of the core conditions along the
cylinder axis and the relatively intricate modeling of the
autoionization and electron capture balances that impact
the population kinetics of autoionizing states.

Remarkably, by combining the multi-zone spectro-
scopic model with random χ2-minimization, we success-
fully match up to six primary line transitions spanning
from states with principal quantum numbers n = 2, 3, 4
to n = 1 in two different charge states. Moreover, in
contrast to the conventional approach of inferring den-
sity from one single line shape (typically Heβ) and tem-
perature from measurements of one or two line inten-
sity ratios, e.g. [23, 26, 28, 49, 50], our methodology
relies on the whole apparatus of non-LTE atomic kinet-
ics, Stark-broadening theory and radiation transport to
fit the entire recorded spectra. In both the magnetized
and unmagnetized cases, our model satisfactorily repro-
duces the experimental relative intensity distributions as
well as the Stark- and opacity-broadened profiles of the
referred lines, which suffices to capture the temperature

and density dependence. This robustly supports the re-
liability of the method [51].

Our integrated approach allows us to simultaneously
determine the intensity-averaged temperature and den-
sity of the imploding core, leading to the following values
for each case

T 0T
e = 1000± 30 eV,

ρ0T = 3.22± 0.16 g/cm3,

T 30T
e = 1476± 127 eV,

ρ30T = 1.49± 0.11 g/cm3,

with the uncertainties calculated as the corresponding
standard deviations over multiple runs of the minimiza-
tion procedure. These results clearly indicate a hotter
and less dense core around stagnation for the implosions
where a seed B-field was applied, with the temperature
increasing 50± 20% and the density decreasing by a fac-
tor of 2.2± 0.3.

To understand the origin of these temperature and den-
sity differences, we post-processed the MHD simulation
output to produce synthetic spectra. The calculation
procedure is conceptually identical to the one followed
in the spectroscopic model used for diagnosis, with the
only difference that now the core temperature and den-
sity spatial profiles are those produced by the simulation
at every time step (with a maximum resolution of 10 ps
near maximum compression).

In Fig. 4, we show the comparison between experi-
mental and synthetic spectra for both the case with a
30 T seed B-field (a) and the case with no applied B-
field (b). The synthetic spectra are time integrated from
simulation outputs until 1.45-1.48 ns, matching experi-
mental peak compression. A good agreement is found
between the synthetic and experimental spectra. Inter-
estingly, the respective core-averaged temperature and
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FIG. 4. Time-integrated Ar K-shell spectra shown following the color convention in Fig. 3. The black dashed curves are
the time-integrated synthetic spectra post-processed from the 2D extended-MHD simulations, as described in the text. Good
agreement is obtained between experimental and synthetic spectra for the two cases.

density predicted at these times are similar to the val-
ues inferred from the previous quantitative spectroscopic
analysis. Including times closer to 1.5 ns resulted in large
discrepancies, which confirms the overestimation of peak
compression in MHD simulations. Furthermore, integrat-
ing spectra beyond peak compression (t > 1.5 ns) induced
minor changes in the synthetic spectra that did not im-
prove the comparison with experimental data. This sug-
gests a rapid decrease in the emission after experimental
peak compression, likely due to the ensuing onset of hy-
drodynamic instabilities and mix [23, 42, 43].

The agreement between synthetic and experimental
spectra firmly indicates that the differences in the tem-
perature and density conditions obtained in the magne-
tized case are caused by the ∼ 10 kT compressed B-field
predicted in the simulation. Upon this validation, we
can calculate volume-average metrics of the core mag-
netization, which can be directly compared with other
magnetized implosion experiments. The plasma magne-
tization caused by the compressed B-field can be quan-
tified microscopically using the dimensionless Hall pa-
rameter, ωc,eτe,i, where ωc,e = eB/me is the electron
gyrofrequency and τe,i is the electron-ion collision time-
scale (∝ T

3/2
e /ne). Physically, the Hall parameter cor-

responds to the average number of electron gyrations
around the B-field lines before colliding with an ion.
Therefore, it indicates the role of the B-field on electron
energy transport. Here, the Hall parameter calculated
from volume-averaged core conditions at t = 1.45 ns in
simulation (Fig.2) has a large value of ∼ 85, suppressing
heat losses [8, 9] along the radial direction and leading to
a higher core temperature. On the other hand, we can
quantify the macroscopic effect of the magnetic pressure
pmag = B2/2µ0 on hydrodynamics by comparing it to
the total plasma thermal pressure (electrons and ions)

pth, which defines the plasma β = pth/pmag parameter.
For the values obtained in this work, the plasma β calcu-
lated from volume-averaged core conditions is ∼ 8, which
means that the magnetic pressure is not negligible and
can reduce core compressibility, resulting in the lower fi-
nal density observed in the magnetized case compared to
the unmagnetized case.

The convergence ratio (CR), which is defined as the
initial target radius dived by the final target radius, is
CR 20-25. In the limit that the B-field is frozen with the
plasma motion (frozen-in-flow), it would correspond to a
compressed B-field of B0CR

2 ∼ 12− 18 kT. To evaluate
B-field compressibility, one can calculate a frozen-in-flow
factor (see [9], defined as Γ = Bρ0/B0ρ, where B, ρ
and B0, ρ0 are respectively the final and initial volume-
averaged B-field strengths and fuel mass densities. We
find Γ ∼ 0.65, meaning that ∼ 35% of the magnetic flux
has been lost from the hot-spot, a value that is close to
what has been reported in previous work [52]. The losses
are likely due to axial plasma motion here since diffusion
is low (large magnetic Reynolds number) and the Nernst
effect is expected to be largely suppressed due to the high
magnetization [9].

The results presented in this work demonstrate the
suitability of dopant spectroscopy as a reliable technique
to unravel the effects of high magnetization in plasma
conditions. Here the technique is applied for the first
time to discern the effects of magnetization in cylindrical
implosions. The spectroscopic analysis allows us to build
a bridge with the underlying physics of extended-MHD,
as the results align well with the impact of the predicted
∼ 10 kT compressed magnetic field in suppressing radial
heat conduction. This leads to a 50% mass-averaged core
temperature increase from 1 keV to ∼ 1.5 keV, and to a
decrease of the core density by a factor ∼ 2 due to the
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magnetic pressure effect. To our knowledge, this is the
highest relative temperature increase reported in a mag-
netized implosion experiment.

The prospects of this diagnostic approach for the study
of plasma magnetization are significant, warranting de-
tailed time- and spatially-resolved electron temperature
measurements. Future work also includes expanding the
range of applicability of this spectroscopic technique by
adding traces of krypton to the gas mix. Argon ions
become nearly fully ionized at electron temperatures
>2.5 keV, resulting in a reduced sensitivity of Ar K-shell
spectroscopy to the hotter region of the core. The addi-
tion of Kr would be helpful to probe regions of the core
with temperatures exceeding 2.5 keV. The transition from
Ar to Kr emission is particularly appealing to diagnose
magnetized implosions, where the temperature gradient
in the core is steep, with a temperature at the periph-
ery <2.5 keV and a temperature at the center >2.5 keV.
The combination of Ar and Kr emission spectra with
such an effective spatial resolution would thus strongly
aid in the reconstruction of the core temperature profiles
from spectroscopy measurements, a technique discussed
in Ref. [53], where the design of magnetized cylindrical
implosions on the Laser Mega Joule (with 20 times more
energy in the laser drive) is also presented.

Finally, the steep temperature gradients and the strong
magnetic pressure obtained in magnetized implosions can
lead to a multitude of extended-MHD effects that affect
the compressed magnetic field and the structure of the
magnetized core [9]. At high densities, these effects re-
main to be validated by experimental data, and this plat-
form paves the way for such studies.
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