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An experiment was performed on the OMEGA EP Laser System to investigate the effects of
magnetic fields on laser imprint. A 30-µm-thick CH target was driven by a single beam delivering
3.0 kJ of UV energy in a 5-ns square pulse without smoothing by spectral dispersion. The Rayleigh-
Taylor amplification of this beam’s imprint on the target surface was monitored using face-on gated
x-ray radiography from a Gd backlighter. Magnetic fields of up to 45T were applied normal to the
target surface. Analysis of the resulting radiographs shows a 60 ± 13% increase in the spectrally
resolved surface perturbation amplitudes, consistent at all times and for all unsaturated frequencies.
This consistency indicates that the increase in perturbation amplitudes was due to a change in
the initial amplitudes rather than Rayleigh-Taylor growth. This is supported by the trajectory
of individual modes and the inferred time-averaged perturbation growth rates. Laser imprint is
therefore inferred to have increased due to strong magnetic fields that remain in the conduction zone
of the target, suppressing off-axis electron motion and limiting the effects of thermal smoothing.

I. INTRODUCTION

To reach net energy gain in inertial confinement fusion
(ICF) [1–3], a capsule consisting of cryogenic deuterium
and tritium must be efficiently compressed to high areal
densities and temperatures. If the α particles produced
by the D-T reactions are confined to the compressed core,
they deposit their energy and produce a burn wave that
ignites the capsule. The released energy of this burn can
exceed the energy driving the implosion.

One approach to enhance α-particle confinement and
suppress thermal conduction is to magnetize the ICF cap-
sule [4]. By magnetically trapping the ions, lower implo-
sion velocities can be used while still achieving ignition-
relevant conditions, improving overall energy gain [5].
Doing so requires fields of the order of a kilotesla during
the nuclear burn stage. Such enormous field strengths
can be achieved via magnetic-flux compression. A field
of the order of 10T is applied to the target prior to com-
pression. During the drive, the field lines are locked into
the inner ionized vapor, amplifying the compressed field
strength by factors of 103 as the shell converges [6–8].
Previous experiments conducted on the OMEGA laser

have verified these effects using moderate initial field
strengths. Cylindrical implosions demonstrated the com-
pression of magnetic fields, amplifying an initial strength
of 10T to 3 to 4 kT, consistent with frozen-field estimates
[6, 9]. Subsequent spherical implosions imposed an 8-T
magnetic field along the axis of a polar-direct-drive im-
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plosion and increased both yield and ion temperature by
30% and f , respectively [5].

Despite these promising early results, challenges arise
at greater initial field strengths. Recent exploding-pusher
experiments conducted on OMEGA demonstrated a sig-
nificant increase in low-mode asymmetries in the pres-
ence of a 50T imposed field [10]. This field strength was
strong enough to magnetize the electron species, lead-
ing to significantly suppressed heat conduction along the
equator of the target perpendicular to the field lines and
resulting in an oblate implosion. Rather than increas-
ing yields, the magnetically induced asymmetries caused
yields to fall by ∼ 23%. This loss may be somewhat
recovered through beam pointing, power balance, and
target shaping [11, 12].

In addition to complicating symmetry control, a recent
numerical study indicates that strong magnetic fields can
increase laser imprint [13]. To understand this mecha-
nism, it is important to first understand the underlying
physics of laser imprint. This phenomenon is an issue
in any direct-drive implosion [11, 14] and occurs when
a laser beam impinges directly on a target, transferring
its speckled spatial modulations to the target’s surface
[15]. High-intensity speckles increase ablation pressure
relative to their surrounding low-intensity troughs, re-
sulting in a warped shock front into the unablated mass
that stretches the material surface behind it [11]. How-
ever, as the laser drive continues, the absorption region
of the laser pulse is pushed away from the ablation front
due to plasma expansion. Rather than being directly de-
posited at the ablation front, energy is conducted from
the absorption region via the electron species through a
volume known as the conduction zone. Under normal
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conditions, electrons move off of the target-normal axis
through the conduction zone, spreading the energy from
a single laser speckle over a large region of the ablation
front. This thermal smoothing mitigates laser imprint,
reducing the pressure perturbations exponentially with
the depth of the conduction zone [16]. However, when
strong magnetic fields exist in the conduction zone nor-
mal to the target’s surface, electron motion across the
field lines is suppressed. This reduces the electron spread-
ing, thereby minimizing thermal smoothing and increas-
ing imprint amplitudes. When modeled using Gorgon
magnetohydrodynamic simulations with an initial field
strength of 50T, it was found that imprint was ampli-
fied across a wide range of perturbation modes by up
to an order of magnitude [13]. Thanks to advancements
to the Magneto-Inertial Fusion Electrical Discharge Sys-
tem (MIFEDS) at the Omega Laser Facility, such field
strengths are now achievable in the laboratory [17]. This
paper presents the results of a planar experiment carried
out on OMEGA EP [18] designed to observe the magnetic
amplification of laser imprint.

II. EXPERIMENTAL SETUP

A schematic of the experiment is shown in Fig. 1. A
30-µm-thick CH disk was placed at target chamber center
where it was driven by 3.0 kJ of ultraviolet (UV, 351 nm)
laser light in a 5 ns square pulse. A distributed phase
plate produced a roughly 750-µm-diameter spot for an
on-target intensity of 1.8 × 1014 W/cm2. No smoothing
by spectral dispersion [19] (SSD) was applied, allowing
the laser pulse’s spatial modulations to be imprinted onto
the target’s surface. MIFEDS was used on some shots to
generate 45 ± 5T magnetic fields normal to the target’s
surface. This system discharges electrical energy stored
in capacitors through a coil near the target, inducing
a magnetic field. Additionally, shot 38190 had a field
strength of 25±5T, providing an intermediate data point.

The target was driven by the long UV pulse as the low-
density ablated plasma expanded off of the high-density
bulk target. Simulations and previous experiments with
similar setups have shown that this causes the target to
accelerate after approximately 1 ns of drive.[20] Upon ac-
celeration, such a system is Rayleigh-Taylor (RT) un-
stable [21], and, in the linear regime, the initial laser-
imprinted seed perturbations grow exponentially in time
[22] to levels detectable by x-ray radiography. The Betti-
Takabe growth rate for ablative Rayleigh-Taylor growth
is given by:[22]

γBT = A

√
kg

1 + kLmin
−BkVa (1)

where A and B are constants (0.98 and 1.7 respectively
for CH ablators),[23] k is the perturbation wave number,
g is the acceleration of the interface, Lmin is the minimum
density scale length at the ablation front, and Va is the
ablation velocity. For targets and laser drives such as

FIG. 1. Experiment schematic showing the primary target
(teal disk), Gd backlighter (red disk), and Ti sidelighter (yel-
low disk) driven by their respective laser pulses. The MIFEDS
coils are shown in gray. Arrows indicate the directions of the
framing cameras.

Time (ns) 0T 25T 45T

1.2 4 1 1
1.6 0 0 1
2.0 4 1 1
2.4 2 0 2
2.8 5 1 2
3.2 2 0 2
3.6 5 1 1
4.0 1 0 1
4.8 1 0 1

TABLE I. Number of shots of an applied magnetic-field
strength (columns) capturing a given strip timing (rows).

those used in this experiment, typical values are g ∼
50 µm/ns2, Lmin ∼ 10 µm, and Va ∼ 2µm/ns.[20]
To diagnose the areal-density modulations in the CH

target, a Gd backlighter foil was driven by a sec-
ond UV beam at 1.1 × 1014 W/cm2 for 3 ns, pro-
ducing quasi-monochromatic radiation at approximately
1.4 keV. These x rays probed the target at 16◦ off of
target normal, passed through the central opening of the
MIFEDS assembly, and were collected by a 4 × 4 ar-
ray of 10-µm-diameter pinholes. These pinholes imaged
the data onto an x-ray framing camera (XRFC) with a
four-strip microchannel plate to produce an array of six-
teen sub-images [24]. The timing of the XRFC strips
was varied to capture data from 1.2 ns to 4.8 ns into the
main drive in 0.4 ns increments with four such times cap-
tured per shot. On the final three shots of the experi-
ment, a second backlighter was included, this one con-
sisting of a 25-µm-thick Ti foil driven by a UV beam
at 9.5 × 1013 W/cm2 for 4 ns to produce 4.7-keV x rays.
These x rays passed transversely through the target and
were collected by a Sydor framing camera (SFC) to pro-
duce side-on x-ray radiographs. A notch was created in
the MIFEDS assembly to provide 500 µm clearance to
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FIG. 2. Analysis of face-on radiography. The analysis process is shown at 2.4 ns for (a)-(e) shot 38191 with 45T imposed B
fields and (f)-(j) shot 38192 with no imposed B fields. (a),(f) Raw radiographs are shown in logarithmic scale to highlight
the undriven backlit portion of the target. Also shown are (b),(g) the fitted transmission profiles normalized to the undriven
region of the target; (c),(h) the cropped and correlated radiographic signals; (d),(i) the deconvolved radiographic signals; and
(e),(j) the average Fourier spectra of the deconvolved optical depth images at every strip timing for each shot. The shaded
regions (typically thinner than the line width) indicate the variability of these measurements for each strip. The estimated
Haan saturation limit is included with the spectra for visual reference.

observe the target’s displacement.

A total of ten shots were performed, six without mag-
netic fields, one with a 25T field, and three with 45T
fields. The majority of shots were taken without any ef-
fective magnetic field due to technical challenges with the
MIFEDS coils. The distribution of shots capturing a spe-
cific strip timing is given in Table I. Each strip contains
four radiographic images. As described in the subsequent
section, adjacent pairs of images within a strip were ana-
lyzed together to give signal and noise profiles for a total
of 120 analyzed spectra. The figures presented herein
average these spectra to summarize the results.

III. DATA AND IMAGE ANALYSIS

Example face-on radiographs are shown in Figs. 2(a)
and 2(f). The backlit regions are highly perturbed where
the targets were driven. As low-density RT bubbles ex-
pand into the bulk of the target, the line-integrated den-
sity goes down, resulting in increased transmission. Con-
versely, high-density RT spikes decrease transmission.
Due to the incidence angles of the backlighter and drive
profiles, a great deal of the undriven target is also illumi-
nated in each image, indicated by the smooth portions of
the backlit regions. These regions provide relatively un-
perturbed images to estimate the backlighters’ profiles,
allowing the transmission, T , and optical depth (OD),
τ = − ln(T ), of each system to be inferred. The optical
depth is of particular interest because it is roughly pro-
portional to the height h of the perturbations, τ ≈ ρµh

where ρ is the average density and µ is the average opac-
ity of the compressed, unablated target [25–27].

A similar analysis was applied to these radiographs to
that detailed in Refs. [20, 28, 29], and a summary of this
process is shown in Fig. 2 for a magnetized (top) and un-
magnetized (bottom) target 2.4 ns into the main drive.
To begin, average signal and noise images were required
to apply a Wiener deconvolution algorithm [28, 30]. To
this end, the backlighter’s spatial profile was estimated
by fitting a rotatable, elliptical super-Gaussian to the
undriven portions of the images. This fit was simulta-
neously applied to all 16 sub-images per shot, maintain-
ing the same super-Gaussian shape but allowing the am-
plitude to vary between sub-images. This method took
advantage of the parallax of the backlighter and drive
to provide a reliable fit for each shot. The resulting
backlighter profiles were used to infer target transmis-
sion [Figs. 2(b) and 2(g)]. Adjacent transmission images
within a strip were correlated together and used to pro-
duce transmission signal and noise images through ad-
dition and subtraction, respectively. These images were
then multiplied by the average backlighter profile to pro-
duce radiographic signal and noise images. This process
resulted in three signal and noise images per strip to an-
alyze.

To ensure the same region was analyzed at all times,
images across strips were correlated together and cropped
to the central 450 µm× 450 µm region of the backlighter
and drive (Figs. 2(c) and 2(h)). Using the estimated
noise profiles, a Wiener deconvolution algorithm was ap-
plied to the radiographic signals, compensating for the
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FIG. 3. [(a)-(e)] The average Fourier spectra for each imposed field strength at (a) 1.2 ns, (b) 2.0 ns, (c) 2.4 ns, (d) 2.8 ns, and
(e) 3.2 ns. The estimated saturation limit is included for visual reference. Note that no 25T data were acquired at the times
plotted in (c) and (e). [(f)-(j)] The ratio of the average 45T (red) and 25T (green dotted) spectra to the average 0T spectrum.
The horizontal dashed line indicates the ∼ 60% increased signal in the unsaturated modes of the 45-T spectra. The shaded
regions represent the uncertainties and are driven primarily by shot-to-shot variations, particularly at low signal levels.

blurring effects of the imaging system and reducing noise
[31]. In this process, noise uncertainties were calculated
following the methods of Ref. [28], though these proved
to be negligible in the regions of interest. As can be seen
in Figs. 2(d) and 2(i), the deconvolution process sharp-
ened small-wavelength features while limiting noise. It is
also evident from these images that the magnetized tar-
gets had significantly increased perturbation levels com-
pared to their unmagnetized counterparts, indicating ei-
ther faster RT growth or greater imprint levels.

To quantify this comparison and distinguish between
these two effects, the deconvolved images were converted
to OD once again using the average backlighter profiles.
A 2D Fourier transform was applied to the OD images,
and the Fourier amplitudes were azimuthally averaged
into frequency bins to examine the average OD ampli-
tude as a function of frequency. Each signal-noise image
pair within a strip was individually analyzed, and the
variation between the three resulting spectra was taken
to be the uncertainty for that strip. Figs. 2(e) and 2(j)
show the spectral evolution of the examples. To provide
a visual reference, a curve proportional to the Haan satu-
ration limit is included [32]. This limit is the theoretical
amplitude at which RT growth is expected to enter its
nonlinear phase, breaking from exponential growth. In
terms of bubble height, it is given by Sk = 2/Lk2 where
L = 450 µm is the geometric average dimension of the
image and k is the perturbation wave number [33–35].
As stated previously, the precise constant of proportion-
ality between bubble height and OD is the target’s aver-
age density and opacity, but these are experimentally un-
known. Instead, the cold opacity of CH to 1.4 keV x rays,
µ = 788 cm2/g, and a compressed density of ρ = 3g/cm3

were chosen to provide an estimation of this curve. While
these values of ρ and µ are physically reasonable [23], this
curve should be taken primarily as a visual reference.
As can be seen from these images, the modes grew in

both cases until they approached the Haan-type curve,
at which point they stagnated. This is similar to the
behavior of saturated modes seen in similar experiments
[27, 34, 36], although due to the uncertainty in the con-
version factor, it can only be stated that this behavior
occurs at some point proportional to this limit. The ob-
served spectra had ∼ 15% shot-to-shot variation at each
frequency on average, with greater signals producing less
variation, dominating other sources of uncertainty. This
serves as an upper limit for the variation in initial imprint
spectra between shots. By 4.0 ns, the spectra began to
decrease, indicating perforation of the foil [20, 26]. As a
result, the rest of the analysis will focus only on times
prior to 4.0 ns.

IV. COMPARISONS AND DISCUSSION

A. Separating imprint from RT growth

As stated above, prior to nonlinearity, modes are am-
plified exponentially in time by the RT instability. Let

Φ(t) = ψ eγt (2)

be the time-dependent perturbation spectrum, γ the ab-
lative RT growth rate theoretically given by Eq. 1, and ψ
be its initial value, largely determined by imprint, though
other factors such as surface roughness will also con-
tribute [37]. The ratio of the magnetized (subscript M)
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and unmagnetized (subscript U) spectra is given by:

R ≡ ΦM

ΦU
(t) =

ψM

ψU
exp[(γM − γU )t] (3)

ψM/ψU is roughly the imprint ratio and is time-
independent, while exp[(γM − γU )t] is determined by RT
and is purely time dependent. Therefore, examining the
ratio of the spectra gives separable measurements of the
two effects.

To capture this information, spectra taken at the same
time with the same field strength were averaged together,
giving the average behavior of the magnetized and un-
magnetized systems. Fig. 3 shows the (top) spectra
and (bottom) corresponding ratios of the average spec-
tra at various time steps. As before, in both scenarios,
the modes saturate when they approach the Haan-type
curve. As a result, their ratios drop to unity as they
approach this limit. This is seen, for example, at fre-
quencies greater than ∼ 18mm−1 in Fig. 3(h). However,
the ratio of unsaturated modes remains roughly constant
at R45T ≈ 1.6 at all times. There is no evidence of ex-
ponential temporal dependence for this ratio; therefore,
the growth rates and one-dimensional (1D) hydrodynam-
ics must be similar at these frequencies. This assertion
will be further supported in the following subsection.
Tellingly, this ratio is present at 1.2 ns, just 200 ps after
simulations expect the target to begin accelerating.[20].
This minimizes the impact of the RT instability, since
its growth occurs only under the effect of acceleration.
Thus, imprint is determined to have been amplified by
the 45T magnetic fields by 60± 13%.

Interestingly, when a similar analysis was applied to
shot 38190, which had 25T fields, its spectrum was con-
sistent with the unmagnetized case. Magnetic amplifica-
tion of the laser imprint only becomes apparent between
25T and 45T. This is explained by the Hall Parameter –
the ratio of the electron gyrofrequency and the electron-
ion collision frequency – which measures the magnetiza-
tion of a plasma and is proportional to the magnetic field
strength [38]. Pre-shot simulations show that by reducing
the field strength from 45T to 25T, the Hall parameter
decreased from 1.2 to 0.3, implying that electron motion
is dominated by particle collisions rather than magnetic
effects at the lower field strength.

B. RT-growth estimates

To support the assertion that the growth rates were
similar between the magnetized and unmagnetized cases,
two additional arguments are born by the data: the
growth of individual modes show similar exponential
growth rates below the saturation limit, and the time-
averaged growth rates are similar, if not greater in the
unmagnetized case.

For the first of these points, Fig. 4 shows the growth
of individual perturbation modes in logarithmic scale as

FIG. 4. The average Fourier spectra at each imposed field
strength are shown in logarithmic scale as a function of time
for frequency bins (a) 6 to 9mm−1, (b) 9 to 12mm−1, and
(c)12 to 15mm−1. The average wavelengths λ of these fre-
quency bins are labeled.

a function of time. Prior to both saturation and perfo-
ration, all modes grow approximately exponentially, as
would be expected for the RT instability. As the modes
approach the Haan saturation limit, shown as a horizon-
tal black dashed line in the figure, the perturbations cease
growth. Fitting an exponential function to each curve
prior to saturation shows strong agreement between the
growth rates at all perturbation modes below 21mm−1.
The variation of the slopes is 5% between the unmagne-
tized and 45T growth rates, well within the fitting errors
and measurement uncertainties. At these frequencies, the
45T amplitudes remain 60 ± 13% greater than the un-
magnetized amplitudes at all times prior to saturation
and perforation, consistent with increased imprint. Pro-
jecting these curves back to 1 ns, where RT is expected
to begin, clearly shows that this trend should hold.
Second, the time-averaged RT growth rate can be in-

ferred from the spectra. Dividing the spectrum in Eq. 2
by itself at two different times, t1 and t2, and solving for
γ gives the inferred time-averaged growth rate:

⟨γ⟩(t1, t2) =
ln [Φ(t2)/Φ(t1)]

t2 − t1
(4)

Fig. 5 shows the inferred growth rates at various times t2
relative to the earliest acquisition time, t1 = 1.2 ns. The
growth rates are consistent with the Betti-Takabe growth
rate, using g = 70 µm/ns2 and Lmin = 8 µm as average
values from coarse 1D Gorgon–Chimera simulations of
the 45T initial field strength.[39–41] Due to the size of
the grid in these simulations, ablation velocity could not
be directly estimated from the simulations with any cer-
tainty, but the used value of Va = 3.5 µm/ns is physically
reasonable compared to previous publications.[20, 42]
The time-averaged growth rate decreases at later times
for two reasons. First, the density scale lengths are ex-
pected to increase, damping ablative RT growth. More
importantly, though, is the saturated modes cease mean-
ingfully growing beyond the saturation limit. As a re-
sult, because the numerator is stagnant in Eq. 4 while
the denominator continues to increase, the time-averaged
growth rate will decrease at later times.
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FIG. 5. Inferred time-averaged growth rates at (a) 2.0 ns, (b)
2.4 ns, (c) 2.8 ns, and (d) 3.2 ns relative to the earliest spectra
acquired at 1.2 ns for each imposed field strength. Shaded
regions around the lines indicate uncertainties. The estimated
Betti-Takabe growth rate is included for comparison.

From these curves, it is clear that all three initial field
strengths showed comparable Rayleigh-Taylor growth
from their earliest measured spectra. Of the three initial
field strengths, it is the unmagnetized case, rather than
the 45T fields, that has the greatest inferred growth rate,
albeit with overlapping uncertainties. This is opposite of
what would be required for the increased perturbations
seen in the 45T targets to be attributed to RT growth.
This strongly supports the argument that the increased
perturbations in a 45T field are due to laser imprint.

C. Discussion

It should be noted that a 60% increase in laser imprint,
while clear and consistent in the data, falls significantly
below the pre-shot predictions of Gorgon–Chimera sim-
ulations where the increase was expected of the order
of 200%. Several factors can influence this. The sim-
ulations in this paper included a heat-flow and Nernst
flux-limiter. For the fields to amplify imprint, they must
remain in the conduction zone. As such, these results are
sensitive to numerical parameters such as the Nernst flux
limiter [43] and transport coefficients [44]. Laser drive is
modeled in these simulations using ray tracing with a fi-
nite number of rays, and imprint is estimated by varying
the energy of individual rays. Anisotropic thermal con-
duction is then modeled by Gorgon. All of these models
must be benchmarked against the results presented here.

Recent advances have been made to the treatment of

magnetized heat-flow and Nernst in the transition to the
kinetic regime.[45] That work suggests that a geometric
average should be employed instead of a hard-cutoff used
in most rad-hydro codes. That work also shows that a
correction to the mean-free path using the Larmor ra-
dius scale-length would improve agreement. Future sim-
ulation effort will address these sensitivities in the sce-
nario of magnetized imprint and will be published upon
completion. Additionally, new experiments have been de-
signed that will provide further data points for this study
into the underlying fundamental physics. These include
varying the SSD bandwidth to observe any change in the
amplification magnitude or threshold and rotating the
magnetic fields to be parallel to the target’s surface. Such
numerical and experimental studies will provide insights
into the detailed underlying physics of magnetic-field ad-
vection and its competition with bulk plasma flows in
multiple geometries.

V. CONCLUSIONS

An experimental campaign was conducted measuring
the growth of laser imprint on planar targets when mag-
netic fields up to 45T were applied normal to the target’s
surface. Face-on radiography was used to measure the
optical depth of the targets and was spectrally analyzed.
The results showed increased perturbations when 45T
fields were applied compared to unmagnetized targets.
No discernible difference was observed between the un-
magnetized targets and targets with a 25T imposed field.
By comparing the ratios of the spectra at various times, it
was concluded that the increased perturbations were due
to laser imprint rather than subsequent Rayleigh-Taylor
growth. This was supported by analyzing the growth
rates of individual modes and inferring the time-averaged
growth rates for each imposed field strength. Individual
modes were seen to grow at comparable rates before stag-
nating at the Haan saturation limit. The time-averaged
growth rates were comparable at all three magnetization
levels, with slightly increased rates inferred in the un-
magnetized case. The 60± 13% increase in laser-imprint
perturbations was attributed to a suppression of trans-
verse thermal conduction through the conduction zone,
limiting the effects of thermal smoothing when the Hall
parameter exceeds unity. This is less than the expected
increase in laser imprint of 200% seen in simulations, po-
tentially due to numerical parameters such as the Nernst
flux limiter or unresolved advection of magnetic fields out
of the conduction zone. These discrepancies will be the
subject of future numerical studies.
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