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ABSTRACT
Proton radiography is a well-established technique for measuring electromagnetic fields in high-energy-density plasmas. Fusion reactions
producing monoenergetic particles, such as D3He, are commonly used as a source, produced by a capsule implosion. Using smaller capsules
for radiography applications is advantageous as the source size decreases, but on the National Ignition Facility (NIF), this can introduce
complications from increasing blow-by light, since the phase plate focal spot size is much larger than the capsules. We report a demonstration
of backlighter targets where a “Saturn” ring is placed around the capsule to block this light. The nuclear performance of the backlighters is
unperturbed by the addition of a ring. We also test a ring with an equatorial cutout, which severely affects the proton emission and is not
viable for radiography applications. These results demonstrate the general viability of Saturn ring backlighter targets for use on the NIF.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021027., s

I. INTRODUCTION
High-energy-density plasmas (HEDPs) have electromagnetic

fields, which can be self-generated by mechanisms such as the Bier-
mann battery,1,2 imposed by an external source such as a solenoid-
generated magnetic field,3 or generated by currents as in a Z-
pinch experiment. Understanding the field generation and evolu-
tion is important for our fundamental understanding of HEDP
and has relevance to the pursuit of inertial confinement fusion,
as self-generated or applied magnetic fields may affect trans-
port mechanisms such as thermal conductivity. Electromagnetic
fields are also present in HEDP used for scaled laboratory astro-
physics experiments and thus have relevance to several astrophysical
phenomena.

Diagnosing electromagnetic fields in HEDP is challeng-
ing. Typically, radiographic measurements are performed using
charged-particle deflectometry, where the electromagnetic fields
are inferred by the charged-particle deflection due to the
Lorentz force [F⃗ = q(E⃗ + v⃗ × B⃗)]. Techniques for performing

deflectometry have been developed with proton sources as a back-
lighter using high-intensity lasers to accelerate ions via the target-
normal sheath acceleration mechanism4–7 or using a shock-driven
“exploding pusher” implosion to generate fusion-reaction prod-
ucts.8,9 These techniques have been highly successful in studying
electromagnetic fields produced by direct-drive implosions,10,11 by
indirect-drive implosions,12,13 during magnetic reconnection,14–16

self-generated by the Rayleigh–Taylor instability,17,18 by the Weibel
instability,19 around scaled astrophysical jets,20 and in the turbulent
dynamo.21

At present, proton backlighting on the National Ignition Facil-
ity (NIF) is performed using the implosion technique. NIF back-
lighters have been demonstrated using 860 μm diameter thin-glass
capsules containing D3He fuel,22 which are driven by 6–8 of the 48
NIF quads. These capsules produce the fusion reactions,

D + D→ p (3.02 MeV) + T (1.01 MeV)

→ n (2.45 MeV) + 3He (0.82 MeV), (1)
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D + 3He→ p (14.65 MeV) + α(3.72MeV), (2)

with ∼1010 protons produced by each reaction and emitted isotrop-
ically from an 80 μm full-width at half-maximum (FWHM) source.
More recent work has used smaller capsules (∼430 μm diameter),23

which are advantageous because they have a smaller source size and
thus an effectively higher resolution.

The NIF presents several unique challenges to using such small
capsules. Since removing the 2ω continuous phase plates24 from the
backlighter quads would be a prohibitive time cost, given typical
allocations of experimental time on the facility, they must be used,
resulting in a focal spot (∼1 mm) that is significantly larger than the
backlighter capsule diameter. This results in reduced energy cou-
pling to the target and a large amount of “blow-by” energy, which
can potentially affect the physics target to be radiographed, depend-
ing on the geometry, and could represent a danger to the laser sys-
tem, in particular, the final (LM8) mirror in the infrared portion
of the laser.24 The blow-by can constrain the laser configuration:
in prior experiments, either a small number of beams was used at
high power, but with opposing quads within ∼20○ shuttered, or the
backlighter is driven with a much larger number of drive beams at
low power. Most campaigns to date use a design with 16–20 quads
used to drive the backlighter at low power, a significant fraction of
the total NIF, which has 48 quads divided into four angular “cones”
in the upper and lower hemispheres at 23.5, 30, 44.5, and 50○ from
the axis. Furthermore, because of these geometric constraints (the
beam locations make driving the capsule equator difficult) and the
need to simultaneously drive the subject target, experiments requir-
ing many quads to irradiate the backlighter often have a significantly
asymmetric backlighter drive, leading to reduced performance (sen-
sitivity to illumination nonuniformities has been demonstrated25).
It is preferable to drive the backlighter with fewer beams, at higher
power per beam, but better symmetry. Mitigating these limitations
would significantly broaden the capabilities for proton backlighting
on the NIF.

In this paper, we present a novel backlighter concept utilizing a
“Saturn” ring, thereby enabling the use of small backlighter capsules
with mitigated blow-by light, enabling higher-resolution probing of
HEDP experiments with additional flexibility on the experimental
configuration. The nuclear performance of these targets is shown to
be identical to those without the ring. Some evidence of electromag-
netic fields that develop around the ring is observed, leading us to
conclude that proton probing orthogonal to the plane of the ring is
feasible, but using a cutout in the ring is not viable for extending
the applicability of the target for measurements in the plane of the
ring.

This paper is organized as follows: the design of the Saturn ring
backlighter is presented in Sec. II, the experimental demonstration
and interpretation are given in Sec. III, and this paper is concluded
in Sec. IV.

II. SATURN RING DESIGN
The “Saturn” target is a concept in which a plastic ring is placed

around the equator of the capsule. The concept has been tested on
OMEGA26,27 and proposed as a polar-drive ignition scheme for the
NIF.28 In the latter, the main benefit of the Saturn target is that

refraction in the plasma ablated around the ring enhances drive
on the equator of the capsule, improving uniformity. For proton
backlighting, the ring can also be used to absorb the outer regions
of the beam spot, dramatically reducing the amount of blow-by
laser energy. The enhanced uniformity on the capsule and improved
coupling are also beneficial.

Saturn targets have been fabricated and shot at OMEGA, and
targets at a comparable scale would be used on the NIF. The capsule
can be mounted within the ring by tent or stalk. These shock-driven
implosions are low convergence (∼4) and are not sensitive to engi-
neering features. The capsules are diffusion filled, so a fill tube is not
required.

Design calculations have been performed using the 2-D
radiation-hydrodynamics code SAGE.29 In the simulations, eight
NIF quads drive the capsule using ∼50 kJ of energy in a 900 ps square
pulse (to approximate the experimental pulse, the power increases
linearly to the 2.2 TW/beam at 280 ps and then falls to zero linearly
from 800 ps to 900 ps). Four quads from the top and bottom of any
single ring angle (23.5○, 30○, 44.5○, or 50○) could be used; for this
work, we use 44.5○ quads. An example simulation is shown in Fig. 1
illustrating the key physics. Laser rays are traced through the tar-
get, with a 440 μm diameter capsule, early in the drive (100 ps, left)
and approximately halfway through (400 ps, right). At early time,
most rays are absorbed or reflected by the capsule or ring, but a
few pass through the gap (only the two brown rays in Fig. 1 pass
through undeflected). As the capsule and ring ablate, the overall
absorption improves, and refraction enhances the equatorial drive
on the capsule.

The primary design parameter for the Saturn target is the inner
diameter of the encircling ring. If the inner diameter is too small, the
drive uniformity is compromised, while if the ring is too large, there
is significant blow-by light through the gap. An optimization study
is shown in Fig. 2, which plots the drive uniformity and scattered

FIG. 1. SAGE calculations of a Saturn backlighter target, showing electron den-
sity contours and laser rays traced through the target at early time (100 ps into
the drive, left) and halfway through (400 ps, right). The hydrodynamic profiles are
rotationally symmetric about the vertical (z) axis. The extreme rays modeled have
intensity 3% of the maximum.
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FIG. 2. Drive uniformity at 400 ps (blue curve, left axis) and scattered light flux
(red curve, right) vs Saturn ring inner radius. The target dimensions with a 440 μm
capsule are shown to scale at the bottom. The ring cross section is 600 μm wide
and 300 μm high.

light flux as a function of the inner ring radius. The drive uniformity
is defined here as the uniformity of the center-of-mass radius of the
imploding shell at 400 ps, evaluated over the full 4π solid angle. For
the scattered light flux, all the individual NIF beams are ray traced
in 3D, and the maximum flux in any direction is used. The simula-
tions predict that good drive uniformity is achieved for inner radii
between 350 μm and 550 μm, while the scattered (blow-by) light
is optimal for any inner radii 550 μm or less. The design is thus
550 μm. This has the additional advantage that a single ring size
can accommodate both small (440 μm diameter) and large (860 μm
diameter) capsules. A similar result was obtained in Ref. 30 for a
ring with a triangular cross section. Figure 3 shows the density con-
tours and laser ray traces approximately halfway through the drive
for both the small (left) and large (right) capsules within the same
Saturn ring. The gap between the large capsule and the ring is (just)

FIG. 3. SAGE calculation using a 550 μm inner diameter ring with the small (left)
and large (right) backlighter targets.

FIG. 4. Scattered light fluence and flux on the final optics mirror vs full-angle open-
ing in the ring for the worst-case cone for illumination (23.5○). Up to 0.07 J/cm2 on
the final mirror is safe.

sufficient to avoid compromising the capsule implosion uniformity.
The time-integrated absorption into the capsule (Ac) is significantly
higher for the larger target (52% compared with 21%).

For the 440 μm diameter capsule, the SAGE calculations pre-
dict that using the Saturn ring reduces the maximum scattered light
fluence by nearly an order of magnitude, from 174 kJ/sr to 19 kJ/sr,
even for the worst-case illumination cone (23○). This corresponds
to ∼0.03 J/cm2 on the final optics, a very safe level. While the Sat-
urn target is naturally oriented for radiography in the direction
orthogonal to the ring, radiography in the ring’s plane is also pos-
sible using a partial opening in the ring. Simulations indicate that a
full-opening angle of ∼45○ is possible with acceptable levels of blow-
by light, which is shown in Fig. 4. Figure 4 takes into account the
0.35-power scaling of damage fluence with pulse width τ.31 The max-
imum safe flux on the final mirror shown as ∼0.069 J/cm2 scales to
0.069 × (3.0/0.9)0.35 = 0.105 J/cm2 at 3 ns, the predicted flux32 for
NIF shots N150702-001 and N150702-004, both of which were safely
shot using a 3-ns ramp pulse.

III. EXPERIMENTAL DEMONSTRATION
In this work, we focused on an experimental demonstration

using small (440 μm diameter) glass exploding pusher capsules. For
the Saturn ring, we used a design with an inner diameter of 0.7 mm
and an elliptical cross section with major diameter in the plane of
the ring of 0.6 mm and a minor diameter (height) of 0.3 mm. A cut-
away with actual (nominal) dimensions of a ring, made of plastic, is
shown in Fig. 5.

We report on a series of three shots: a backlighter capsule
without any ring (N151214-001), a full ring (N180925-003), and a
ring with a 30○ cutaway toward Diagnostic Instrument Manipulator
(DIM)38 90-78 (N180925-004). The targets used for these shots are
shown in Fig. 6. The capsules used are all 440 μm in diameter, with
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FIG. 5. Cutaway of a Saturn ring used for these experiments with actual (nominal)
dimensions in mm.

2 μm thick SiO2 walls produced via the drop tower technique, and
filled with 6 atm of D2 and 12 atm of 3He gas. The capsules are driven
with eight NIF quads from the 44.5○ cones (12T, 22T, 32T, 45T, 14B,
25B, 35B, and 43B) using a 900 ps duration square pulse with a peak
power of 2.2 TW/beam and a total drive energy of 51 kJ. Relative
to previously reported NIF backlighter results from Rygg et al.,22

this drive is more energetic (6 → 8 quads) but more representative
of the configurations used in radiography physics experiments on
the NIF.

Top-level nuclear data from these experiments are shown in
Fig. 7, compared to the shot reported in Ref. 22 (N150325-001). The
data shown, from the top of the figure, are the nuclear yield and ion
temperature (Ti) for both DD and D3He fusion, average D3He pro-
ton energy (Ep) and Gaussian width (σ), and nuclear bang time. DD
neutron data (yield and Ti) are measured using the neutron time of
flight (NTOF) detectors,33 the D3He proton spectra are measured
using Wedge Range Filter (WRF) spectrometers34 and the Magnetic
Recoil Spectrometer (MRS),35,36 and the nuclear bang time is mea-
sured using the proton Time of Flight (PTOF) detector.37 Several
proton spectrometers are fielded at various locations around the tar-
get chamber on a shot. The WRFs are mounted to DIMs using a
bracket that places the spectrometers at ±13○ in θ and ±3○ in ϕ. The
MRS is in a fixed location at θ = 73○, ϕ = 324○. The values shown
in Fig. 7 represent a weighted mean across all available diagnostics
on a given shot. The MRS measurements typically have the smallest
uncertainty and thus have the greatest weight.

We observe that the smaller capsule implosions, both with
and without the Saturn ring, have lower nuclear yields (by about
5 − 10×), higher energy D3He proton energies (by ∼400 keV), and
earlier bang times (by ∼500 ps). The shots have similar ion tempera-
ture and spectral width. The lower yield can largely be explained by

FIG. 7. From top: nuclear yield, ion temperature (T i ), average D3He proton energy
(Ep) and Gaussian width (σ), and nuclear bang time. For yield and T i , both DD
and D3He data are shown.

FIG. 6. Targets used for the shots in this study: no Saturn ring (N151214-001), a full ring (N180925-003), and a ring with a 30○ cutaway toward DIM 90-78 (N180925-004).
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the smaller fuel volume with the smaller capsules. The higher pro-
ton energy is expected since the nuclear bang time for the smaller
capsules occurs earlier during the peak of the laser irradiation when
electric charging of the capsule is strong.39–41

As discussed in Ref. 22, the source isotropy is an important
characteristic for radiography applications. Figure 8 shows the D3He
proton data [mean energy (left), yield (center), and spectral width (σ,
right)] for the three small-capsule shots in this study [N151214-001
(top), N180925-003 (center), and N180925-004 (bottom)]. For each
shot and quantity, the data are shown by the detector’s location in
target-chamber coordinates (θ, ϕ). The proton spectral width is con-
sistent among all detectors. The yield is isotropic with the exception
of the detectors near DIM 90-78 (θ = 76○–103○ and ϕ ∼ 78○) on shot
N180925-004, which will be discussed in further detail later in this
section.

The proton energy is upshifted from the birth energy [see
Eq. (2)] by several hundred keV. There is a clearly apparent
anisotropy where the polar detectors are upshifted by 200 keV–
300 keV more than the equatorial detectors. This is further illus-
trated in Fig. 9, which shows the proton spectra measured on each
shot. The polar detectors, at θ = 13○, are shown in blue and orange
and are clearly at higher energy than the equatorial detectors on
N180925-003 and N180925-004, especially when comparing to the
high-quality data from the MRS at (73, 324).

Several other features are notable in the spectra. First, we
observe an occasional low-energy tail on the proton spectra for the

equatorial WRF detectors for the shots with Saturn rings. The WRFs
are displaced from the equatorial plane by only ±13○, which is sim-
ilar to the maximum extent of the ring (also ±13○) at the highest
point. However, some protons may undergo large-angle Coulomb
scattering from the ring into the detector line of sight, or ablated
material from the ring may enter the line of sight, creating such a
tail. This suggests that, in applications, care must be taken that data
near the ring are sufficiently separated to avoid interference from
scattered or downshifted protons. It is notable that the MRS spectra,
taken 17○ from the equator and not obstructed by the ring, do not
show a low-energy tail.

It is immediately apparent that the detectors near DIM 90-78
on shot N180925-004 have substantially suppressed proton yield
(red and green curves with spectra near zero protons/MeV). This
is surprising, since the 30○ cutout is oriented in this direction, and
those detectors should have a clear view of the imploded backlighter
capsule. Figure 10 shows the measured proton yield vs detector angle
(θ, ϕ) for shot N180925-004. In addition to the WRF and MRS data,
Fig. 10 includes the yield measured using a penumbral imaging con-
figuration in the DIM.42,43 It is clear that the effective proton fluence
measured near the cutout is suppressed by a factor of ≳20× com-
pared to the other detectors. Since the proton energy is not largely
impacted (see Fig. 9), the low fluence must result from an orthogo-
nal electromagnetic field deflecting the protons, which presumably
originates from the cutout. Based on this result, we conclude that
a cutout ring is not viable for charged-particle measurements in

FIG. 8. D3He proton energy (left), yield (center), and width (σ, right) for the three shots in this study: N151214-001 (no ring, top), N180925-003 (full ring, center), and
N180925-004 (cutout ring, bottom). Data are shown vs detector location in target-chamber coordinates (θ, ϕ).
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FIG. 9. Measured proton spectra by various WRFs and the MRS [located at (73,
324)], labeled by location in target-chamber coordinates (θ, ϕ).

the plane of the ring. Given that the field strength is sufficient to
deflect 15 MeV protons by a substantial angle, this configuration
may have interesting applications as a generation mechanism for
intense electromagnetic fields.

The last critically important metric for backlighter perfor-
mance is the proton source size, which typically dominates the effec-
tive imaging resolution. The source size is measured using proton
penumbral imaging in the polar DIM.42,43 Unlike Ref. 22, which
showed proton emission images, we are only able to report source

FIG. 10. Measured D3He proton yield vs detector location (θ, ϕ) for shot N180925-
004, with the cutout ring. Detectors near the cutout are shown in red, including the
two WRFs [(76,82) and (103,75)] plus the data point at (90,78) from the penumbral
imaging detector in the DIM.

TABLE I. Measured proton source size (P0), quoted in terms of the full-width at half-
maximum (FWHM) for the three shots with 440 μm capsules.

Shot P0 (μm)

N151214-001 57.1 ± 3.4
N180925-003 60.0 ± 2.5
N180925-004 62.5 ± 2.5

sizes rather than images due to the lower yield of these smaller
capsules, and because a DIM alignment error caused partial loss
of the penumbra on the Saturn ring shots. The results are given
in Table I. The three shots are consistent with a full-width at half-
maximum (FWHM) source size ∼60 μm, which is ∼20 μm smaller
than the source size reported by Rygg et al. for the larger capsules.22

Typical radiography applications use object distances on the order
of 1 cm resulting in several thousand protons per resolution ele-
ment even with the reduced yields for small capsules; proton fluence
contrast in typical radiography experiments (e.g., Refs. 19 and 20) is
often 2× or better so particle statistics are a negligible contribution
to the resolution, which is still dominated by the source size.

IV. CONCLUSION
In summary, we report on a demonstration of “Saturn” tar-

gets as a proton backlighter for radiography experiments on the
NIF. Electromagnetic fields in high-energy-density plasmas are
often diagnosed with charged-particle deflectometry; capsule implo-
sions using DD and D3He fuel to generate fusion protons are
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commonly used as a backlighter. On the NIF, relatively large cap-
sules (860 μm diameter) have been typically used,22 in part due to
concerns over damage risks to the laser system due to unabsorbed
laser light when using smaller capsules, since the focus spot size of
the NIF phase plates is much larger than the capsules. In this work,
we report the development of “Saturn” targets using smaller cap-
sules (440 μm diameter) in which a ring is placed around the equator
of the capsule to block any blow-by light and increase flexibility
in experimental configurations. The performance of small capsule
implosions is unaffected by the presence of a ring. We test an equa-
torial cutout in the ring as a potential route toward measurements
in the plane of the ring but find that large electromagnetic fields
around the cutout render this approach infeasible. For applications,
especially use as a proton backlighter, measurement axes near the
ring plane are not viable, but above ∼15○ from the ring plane is
feasible.

The fusion source size of these small capsules is significantly
reduced compared to previous results,22 with unabsorbed laser light
mitigated by the ring. The small capsules produce lower nuclear
yields, which is expected due to the reduced volume; this must be
considered depending on the application. In summary, these results
offer a route toward proton radiography using fusion sources with
improved spatial resolution on the NIF.
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