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Time-gated, monoenergetic radiography with 15-MeV protons provides unique measurements of
implosion dynamics in direct-drive inertial-confinement fusion. Images obtained during acceleration,
coasting, deceleration, and stagnation display a comprehensive picture of spherical implosions. Critical
information inferred from such images, hitherto unavailable, characterizes the spatial structure and
temporal evolution of self-generated fields and plasma areal density. Results include the first observation
of a radial electric field inside the imploding capsule. It is initially directed inward (at ~10° V/m),
eventually reverses direction (~10% V/m), and is the probable consequence of the evolution of the

electron pressure gradient.
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The goal of inertial-confinement fusion (ICF) is ignition
and high gain [1], which require that a cryogenic
deuterium-tritium (DT) spherical capsule be symmetri-
cally imploded. This implosion results in a small mass of
low density, hot fuel at the center, surrounded by a larger
mass of high density, low temperature fuel [1]. Shock
coalescence ignites the hot spot, and a self-sustaining
burn wave subsequently propagates into the main fuel
region. In the direct-drive approach to ICF, such an im-
plosion occurs in response to a large number of high-
power, individual laser beams illuminating the surface of
a capsule. Understanding and controlling implosion dy-
namics is essential for ensuring success [1].

Implosion dynamics have been studied experimentally
with a number of diagnostics, including x-ray imaging [1-
3], fusion-product spectrometry [4], and fusion-product
imaging [5,6], but none of these provide a complete picture
of the time evolution of mass assembly and self-generated
electric (E) and magnetic (B) fields.

In this Letter we present new nuclear observations of
implosion dynamics for direct-drive spherical capsules on
the OMEGA laser facility [7], using monoenergetic proton
radiography [8,9]. The combination of characteristics in
our approach allows us to first, probe distributions of self-
generated E + B fields, second, determine pR by measur-
ing the energy loss of backlighting protons, and third,
sample all the implosion phases from acceleration, through
coasting and deceleration, to final stagnation, to provide a
more comprehensive picture of ICF spherical implosions.
The result is the first use of proton radiography to study
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ICF implosion dynamics. We note that earlier work by
Mackinnon et al. [10] successfully demonstrated the
feasibility of imaging implosions with protons (produced,
in their case, by laser-plasma interactions), backlighting
plastic (CH) capsules that were imploded by six
1-pum-wavelength laser beams [11]. Most importantly as
regards this Letter, they did not observe any evidence of
radial electric fields of the sort reported here. This is
probably due to the fact that their implosions were totally
different from ours [11,12].

Our experiment is illustrated schematically in Fig. 1. An
imaged CH capsule had an 860-um initial diameter,
20-um thick shell and 15-atm H, gas fill. It was imploded
through direct drive with 40 beams of 0.35-um UV laser
light. The laser pulse was square, with a duration of 1-ns

o ) CR-39
Subject implosion, detector

Backlighter with 40 drive beams o

implosion, _
with \l/ So--mmTTT v T

19 drive S A

~ e @ - - - 10 cm
beams - “\’-\_\ >
Ryymgh a
0.9cm 30 cm |

FIG. 1 (color online). Experimental setup, with proton back-
lighter, subject implosion, CR-39 imaging detectors, and laser
beams. The field of view at the subject is ~3 mm.
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and a total energy of ~16 kJ. Individual laser beams were
smoothed using a single-color cycle, 1 THz two-
dimensional (2D) smoothing by spectral dispersion
(SSD), and polarization smoothing (PS) [13,14].
Implosions were backlit with monoenergetic protons
(15.1 MeV) generated from D3He-filled, exploding-pusher
implosions driven by 19 laser beams [8,9]. The backlight-
ing duration was ~130 ps, and the relative timing of back-
lighter and subject implosions was adjusted in each
experiment so the proton radiograph would reflect the
condition of the subject capsule at a desired time during
its implosion. The effective FWHM of the backlighter is
=~ 40 pm [8], and this is the primary limit on the intrinsic
spatial resolution of the imaging system. In images of
imploded capsules, spatial resolution is degraded some-
what by scattering of imaging protons as they pass through
the capsules [15,16].

Figure 2 shows a time sequence of proton radiographs
covering the complete ICF implosion process from begin-
ning through peak compression (each image from a differ-
ent, but equivalent, implosion). The CR-39 detectors
record the position and energy of every individual proton,
so each radiograph can be displayed in two different ways:
proton fluence vs position [Fig. 2(a)] or mean proton
energy vs position [Fig. 2(b)]. In the uncompressed case
(0.0 ns) the protons that passed through the shell limb lost
the most energy, resulting in the dark ring of part (b), and
were scattered the most, resulting in the light ring of part
(a) (indicating low fluence at the detector). The images for
later times provide important information about field dis-
tributions and capsule compression.

A striking feature of Fig. 2(a), indicating the presence of
a time-varying radial electric field, is that a strong central
peak appears in the fluence images during the early stages
of implosion (¢t = 0.8—1.4 ns) while a strong central dip
appears at later times (¢ = 1.6-2.1 ns) [17]. This is shown
quantitatively in the radial line outs of Fig. 3. As we discuss
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FIG. 2. 15.1-MeV proton radiographs of imploding capsules at
different times, illustrating the time evolution of mass distribu-
tion and of a previously unobserved radial electric field. In the
fluence images (a), darker means higher fluence, while in the
energy images (b) darker means lower proton energy (more
matter traversed). The gray-scale mapping is different for each
image, to account for different backlighter yields (see Fig. 3) and
make the most important structure clearly visible.

below, these features cannot be accounted for as a conse-
quence of scatter. They must therefore result from the
deflection of proton trajectories by radial electric fields.
At early times the field must have been centrally directed in
order to focus the protons passing within the capsule shell
toward the center of the imaging detector. (Furthermore,
for a smaller data set involving 36-beam cone-in-shell
implosions, and for only a single time during the coasting
phase, we observed this same focusing effect [18].) To
account for the rapid change from a central fluence peak
to a central fluence dip at ~1.5 ns, the radial field must
have either reversed direction or suddenly become at least
3 times larger at that time (as shown by Monte Carlo
simulations), in which case all protons would strike the
detector outside the shadow of the capsule.

Because of the importance of these conclusions, it is
important to rule out scattering as the cause of the central
peak and central dip of Fig. 3. For the earlier times,
simulations show that Coulomb scattering angles are not
large enough to deflect protons to the image center. For the
later times, Monte Carlo simulations indicate that proton
scattering can reduce the central proton fluence by ~30%
relative to values outside the capsule, but reductions in the
actual images are ~90%. In both cases, we conclude that
scatter cannot be the dominant mechanism.

The E-field source that is consistent with the data is the
gradient of plasma electron pressure (E = —Vp,/en,)
[19] (other possible sources do not fit as naturally with
the data [20]). The pressure gradient has the correct sign at
early times, and it reverses direction at about the correct
time. This is illustrated in the p, and n, profiles at 0.8 and
1.9 ns, calculated by the LILAC hydrodynamic code [21]
and shown in Fig. 4. Using calculated Vp, and n, at
different times, we estimate the strengths of E as varying
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FIG. 3 (color online). Radial profiles of two proton fluence
images of Fig. 2, showing the strong central peak at r = 0.8 ns
and the strong central dip at 1.9 ns that can only be plausibly
explained as being due to radial electric fields in the capsules,
not by scattering of the imaging protons. The profiles are
averaged over azimuthal angle, excluding the stalk region. The
difference in fluence levels outside the two capsules is due to the
difference in the backlighter proton yields.
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FIG. 4 (color online). Profiles of electron pressure (solid lines)
and density (dashed lines) at 0.8 and 1.9 ns, calculated by
LILAC.

from ~ — 10° to ~10® V/m (Fig. 5). Figure 5 also shows
experimental field values deduced from the data of
Fig. 2(a) [22]. The predictions corroborate the data in three
crucial ways: the field strength and sign before the reversal
(~ —10° V/m, directed inward), the time of the field
reversal (~1.5 ns), and the field strength after the reversal
(~10% V/m directed outward). Furthermore, simulations
of image formation show that only if the effects of the
fields are added to the effects of scattering can the peaks
and dips of the simulations plausibly match the data. This
match leads to a high level of confidence that Vp, is the
probable source of the observed phenomena. Note that the
detailed structures of the fluence images are also modified,
in ways that do not affect our conclusions, by the in-flight
movement of the shell (Vi,, ~ —2.5 X 107 ¢cm/s), which
is ~30 wm during the backlighter burn time (~130 ps.)
Quantitative information about capsule sizes and pRs at
different times is extracted from line outs through the
images in Fig. 2(b); the mean width provides the average
capsule size (=2R), while the mean height indicates the
total pL (=2 X pR). The data are contrasted with LILAC
simulations in Fig. 6; the simulations come reasonably
close to matching the observed evolution of capsule con-
vergence and pR during the acceleration and coasting
phases (~0-1.6 ns), but predict smaller values of radius,

bilities, before deceleration. It has been suggested that
performance approaches 1D because of full single-beam
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FIG. 6 (color online). Measured capsule radii [solid circles,
(a)] and pR [solid diamonds (b)] compared with LILAC 1D
simulations (solid lines). Horizontal error bars represent uncer-
tainties in backlighter burn time. The open diamond point in (b)
represents the pR of a comparable implosion of a D*He-filled
capsule at bang time, measured by several proton spectrometers
in different directions; this completely different type of mea-
surement is statistically consistent with the data derived here
from radiography images.
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smoothing, which significantly improves the shell integrity
during the acceleration phase, and because thickening of
the shell during subsequent coasting further enhances shell
integrity [14]. The apparent degradation of capsule per-
formance at later times relative to the 1D simulation could
be largely a consequence of fuel-shell mixing [23] and
implosion asymmetry [24].

It is worthwhile to compare these measured pR values
with a value obtained using a completely different method
during an equivalent implosion. The open black data point
in Fig. 6(b) was obtained by using proton spectrometry to
determine the energy of self-emitted D*He protons; the
downshift in the energy of these protons implies a pR [25]
at bang time of ~25 mg/cm?. This is slightly higher than
the measurement made here, but statistically consistent
with it. On the other hand, the spectrometry-implied value
is closer to the 1D value, which raises the possibility that
the radiography-implied value loses accuracy when the
capsule becomes sufficiently compressed that images are
noticeably affected by proton scatter. This is currently
being investigated.

Finally, the residual mass during the implosion can be
estimated in terms of the measured R [Fig. 6(a)] and
measured pR [Fig. 6(b)]: m/my =~ C,”% pR(1)/pR(0),
where C, = R(0)/R(t) is the target convergence ratio.
This indicates that ~(30—40)% of the shell has been ab-
lated by bang time. Although the mass estimates have large
uncertainties due to those associated with both R and pR
measurements, they are helpful for illustrating the dynam-
ics of mass ablation during implosions.

In summary, new observations and measurements of
direct-drive spherical implosions have been made with
monoenergetic proton radiography. Quantitative informa-
tion inferred from proton images characterizes the spatial
structure and temporal evolution of an imploding capsule,
dynamically displaying a comprehensive picture of direct-
drive ICF implosions. The observations include the first
experimental evidence of radial E fields inside implosion
capsules, their reversal in direction, and their plausible
connection with plasma pressure gradients.
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