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Proton Radiography of Inertial

Fusion Implosions

]. R. Rygg,™* F. H. Séguin,* C. K. Li,* ]. A. Frenje,® M. ].-E. Manuel,* R. D. Petrasso,t
R. Betti,? J. A. Delettrez,? 0. V. Gotchev,? J. P. Knauer,? D. D. Meyerhofer,?

F. J. Marshall,? C. Stoeckl,> W. Theobald?

A distinctive way of quantitatively imaging inertial fusion implosions has resulted in the
characterization of two different types of electromagnetic configurations and in the measurement
of the temporal evolution of capsule size and areal density. Radiography with a pulsed,
monoenergetic, isotropic proton source reveals field structures through deflection of proton
trajectories, and areal densities are quantified through the energy lost by protons while traversing
the plasma. The two field structures consist of (i) many radial filaments with complex striations and
bifurcations, permeating the entire field of view, of magnetic field magnitude 60 tesla and (ii) a
coherent, centrally directed electric field of order 10° volts per meter, seen in proximity to the
capsule surface. Although the mechanism for generating these fields is unclear, their effect on

implosion dynamics is potentially consequential.

ical phenomena associated with dynamic,

extreme states of matter—such as those of
high—energy-density physics (/, 2) found in iner-
tial fusion (3, 4), laboratory astrophysics (2, 5),
and laser-plasma interaction physics (6)—are of
fundamental scientific importance. A novel meth-
od of diagnosing inertial fusion implosions has
resulted in the characterization of two distinct
electromagnetic field configurations that have
potentially consequential effects on implosion
dynamics. This method also makes possible the
quantitative study of the temporal evolution of
capsule size and areal density.

The method involves radiography with a
pulsed (0.1 ns), monoenergetic (15.0 MeV),
quasi-isotropic proton source (7, 8). Fields are
revealed in radiographs through deflection of
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proton trajectories, and areal densities are quan-
tified through the energy lost by protons while
traversing the plasma. The imaged samples are
inertial confinement fusion (ICF) capsules of the
fast-ignition (FI) variety (9, 10), initially 430 pm
in radius, imploded by 36 laser beams that
deposit 14 kJ of energy in a 1-ns pulse ().

For electricity generation (3, 4) and for
studies of extremely high—energy-density phys-
ics in the laboratory (/, 2), ICF seeks to release
copious energy by igniting a compressed pellet

of fusion fuel. Fuel compression to densities of
300 g/cm® or higher will be achieved by ener-
gy deposition onto the surface of a fuel capsule
over nanosecond time scales, either by laser
light (direct drive) or by x-rays generated in a
cavity by laser light (indirect drive). Ignition
and energy gain will occur in a central hot spot,
or, in the FI scheme, by the extremely rapid
(picosecond-scale) deposition of additional en-
ergy, either directly onto the compressed pellet
(9) or along the axis of a cone that keeps the
path clear of plasma ablated from the pellet
surface (10).

The 15-MeV (fig. S1), monoenergetic proton
radiography applied herein was recently used by
Li et al. in a different context to investigate fields
generated by laser-foil interactions (/1, 12).
Mackinnon et al. (13) used a broad-band, non-
isotropic proton source to study six-beam implo-
sions, though they did not observe either striated
or coherent field structures. In addition, earlier
workers, using optical techniques largely sensi-
tive to density perturbations, observed very-
fine-scale radial filaments and jets (74, 15) in
targets driven by one to four laser beams.
However, the character of these structures is
qualitatively different in several ways from the
striations described in this report [see supporting
online material (SOM) text].

In the reported experiments (Fig. 1), cone-in-
shell FI targets were radiographed before and
during implosion, 1.56 ns after the start of the

Fig. 1. Schematic of the Backlighter Target Detector
experimental setup. A short Capsule Capsule (CR-39)
(130-ps), monoenergetic laserdrive &4  ____
(energy linewidth AE/E < "0, & o Sy _o-----""777 T
3%), quasi-isotropic pulse "L __-----"T0/7 protons

! . LS Seaininintinlintalk Sty 2 iulinititidid ittt 7
of 15.0-MeV D*He fusion O-==222000- 54 em
protons is generated by laser & % [\ T T TTTee--o \L
implosion of a backlighter da=1cm

capsule filled with D, and

deet = 25 cm

3He gas. The ~3 x 10° pro-

tons emitted from the 45-um full width at half maximum source region interact with matter and elec-
tromagnetic fields in a cone-in-shell capsule implosion. The position and energy of every proton reaching the
detector are individually recorded on CR-39, encoding the details of the matter and field distributions

surrounding the target capsule.
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laser drive (Fig. 2), shortly after the end of the
acceleration phase (4). The radiographs were
taken perpendicular to the Au cone axis. Figure 3
shows the experimental results (which are also
characteristic of many implosions without cones).
Because the detector records proton fluence and
energy, Fig. 3 shows images illustrating the
spatial distributions of both proton fluence and
mean proton energy.

Five important features are apparent in these
images. First, the character of the isotropic and
monoenergetic proton source is reflected in the
uniform background of Fig. 3, A and C. Second,
a complex filamentary structure is seen in the
fluence image of Fig. 3B. The uniform energy
seen outside the capsule in Fig. 3D demonstrates
that the fluence striations are due to electro-
magnetic deflection rather than to scattering
through plasma density filaments. Third, sub-
stantial plasma blowoff from the cone casts a
much wider shadow as the capsule is imploded.
Fourth, a significant enhancement of the proton
fluence at the center of the imploded target (Fig.
3B) suggests the presence of a radially directed,
focusing electric field. Finally, radial compres-
sion of the capsule by a factor of two is seen in
Fig. 3D. The basic repeatability of the field struc-
ture and capsule compression was demonstrated
by radiographs taken at the same relative time but
on different implosions.

In the radiographic images, field structure is
studied by means of the spatial distribution of
proton fluence. The proton-path—integrated elec-
tric (£) or magnetic (B) field can be estimated
from the angular deflection 6 of protons of
energy L, passing through the field region:

IE.dl = 2(Ep/e)tan ® (1)
[B x dI = (m,v,/e)sin (2)
tan © = ME/(daer — dobi) 3)

500 T T T T
envelope of high shell density

|
0 0.5 1 1.5 2 25
t (ns)

Fig. 2. Cone-in-shell capsule drive pulse (blue
line), simulated (17) shell trajectory (black lines),
and experimental backlighter proton arrival time ¢
(red line). Simulations predict that the shell has
compressed from its original radius by about a
factor of two, and the pR has doubled to 5 mg/cm?
when the backlighter protons arrive at 1.56 ns
(OMEGA shot 46529). a.u., arbitrary units.

where mj, is the proton mass, v, is the proton
speed, e is the fundamental unit charge, the mag-
nification M = 25, and dy and d; are the dis-
tances from the backlighter capsule to the detector
and to the target capsule, respectively (Fig. 1).
The deflection angle is determined by measur-
ing the apparent displacement & of protons in
the target plane via Eq. 3.

Areal density at different positions in the
target capsule is studied through the downshift in
proton energy relative to the incident energy of
15.0 MeV. It is proportional to the amount of
matter traversed between the source and detector
(16), quantified by pL (= [pdI).

Radial lineouts of the images in Fig. 3 are
shown in Fig. 4. In the fluence lineout for the
imploded target (Fig. 4B), the value near radius
r =0 um is markedly enhanced relative to the
values at large radii (by a factor of three) and at
=200 um (by a factor of six). To explain this

Fig. 3. Images of a 430-um-radius
spherical plastic capsule with attached A
Au cone, before and during implo-

sion. (A and ) The unimploded cap-  proton

sule used in OMEGA shot 46531. fluence

(B and D) A capsule at 1.56 ns after darke

the onset of the laser drive (OMEGA %ig;e_r

shot 46529). The dark areas corre-  fiuence)

spond to regions of higher proton

fluence [in (A) and (B)] and regions

of lower proton energy [in (C) and

(D)]. The energy image values in

the region shadowed by the cone  proton

are mostly noise because very few  energy

protons were detected in that re-

gion. See lineouts in Figs. 4 and 5  (dark=

for image values. lower
energy)

result, we found that a radial electric field of
about 1.5 x 10° V/m is necessary to “focus”
15.0-MeV protons, to the extent observed, pass-
ing near 7 = 200 um toward the center. Scattering
is insufficient to explain this result (fig. S4).

We conjecture that this coherent field is a
consequence of a large, outward-directed elec-
tron pressure gradient that exists in the vicinity of
the fuel-shell interface. Such a field might be
expected to occur during, and shortly after, the
acceleration phase of the implosion in which
substantial shell mass is rapidly assembled and
compressed. Such an electric field—given by
—VP, /en,, where P, and n, are the electron pres-
sure and density—has been observed in the
context of other recent laser plasma experiments
(11). If this conjecture is correct, future mea-
surements of the evolution of this coherent £ field
might effectively map capsule pressure dynam-
ics throughout the implosion. Such information

Unimploded Imploded

A

Fig. 4. Experimental (exp.)

Unimploded capsule

2400 ym

radial lineouts (red lines) of
proton fluence and pL from
Fig. 3. All lineouts are aver-
aged over the azimuth, ex-
cluding the region of the cone
shadow. (A and C€) Unim-
ploded capsule of OMEGA
shot 46531. (B and D) Cap-

|
capsule:

047 surface.

0.2

proton fluence (um3)
o
T

Capsule at 1.56 ns

T T T T T T T T T T T T T
1 B |
rablation front

(simulated) B

sule of OMEGA shot 46529, 0

1.56 ns after start of laser
drive. The fluence lineout (A)
shows the effects of angular
scattering through the limb of
the capsule shell. In (B), an-
gular scattering effects alone
are insufficient to explain the

pL (mglcm?)

actual

D 1138

114.2

ANIN) < 3>

-114.6

~

e -l

peak at r = 0. A radial electric 0

|
field of ~10° V/m is necessary 0 500
r (pm)

to focus the protons to the
extent observed. In (C) and

15.0

1
1000 0 500 1000

r (um)

(D), radial lineouts of the mean energy images in Fig. 3 were converted to pL. Also displayed are the actual
pL (C) and simulated pL (D), assuming no angular scattering (black line). pR is given by pL/2 at r = 0.
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would be invaluable in assessing implosion
performance.

Lineouts of the mean energy images of Fig. 3,
C and D, can be used to infer the mean path areal
density pL, shown in Fig. 4, C and D. The pL
lineout of the unimploded target (Fig. 4C) gives
an initial radial areal density (pR) of 2.5 mg/cn?,
which is very close to the actual initial pR of
2.4 mg/cm?. Scattering of protons smears out
measured pL values near the limb of the shell at » =
410 pm. Both measurement and simulation (/7)
indicate a factor of two reduction in capsule
radius at 1.56 ns. However, the pL lineout of the
imploded capsule at 1.56 ns (Fig. 4D) implies
that the capsule pR has increased to 10 mg/cm?,
which is twice the 5 mg/cm? predicted by numer-
ical simulation. This high apparent experimental
PR is due in part to scattering and in part to E-
field focusing of the lower-energy protons pass-
ing through the limb of the capsule shell.

Returning to the filamentary fields, we note
how the outer edge of the coherent field merges,
at a boundary just outside the imploding capsule,
into the striated fields. As illustrated in Fig. 5C
and fig. S3, the striated fields originate inside the
critical surface, which is extremely close to the
capsule surface. Azimuthal lineouts of the proton
fluence image of Fig. 3B at radii 430 and 860 pm
show the amplitude and scale of proton fluence
variations (Fig. 5) due to striations. Peak-to-valley
fluence modulations of a factor of four are seen at
both radii. The typical angular oscillation period
is 20° and 10° for the inner and outer radii, respec-
tively, corresponding to the same spatial distance
between striations of 150 pm. This distance implies
a deflection angle of 0.45°, which gives a path-
integrated magnetic field [B x dI of 4000 T-um.
Assuming an integration path length equal to the
typical width of striations (75 um) results in a
magnetic field strength of ~60 T. If the fluence
variations are instead due to £ fields, the field
strength required is ~3 x 10° V/m, although quasi-
neutrality of the coronal plasma with no laser
energy source makes this interpretation unlikely.

The occurrence of such strong inhomogene-
ities inside the critical surface ~0.5 ns after the
laser drive ends suggests that substantially
larger fields are likely present just before laser

o
(=

Fig. 5. Circular lineouts of proton
fluence obtained from OMEGA
shot 46529 at radii of 430 um
(A) and 860 um (B). The filamen-
tary structures represent a 2D
projection of a 3D field structure
that originates inside the critical

o
~

o
N

shutoff (18, 19). This situation would be
reflected in a Hall parameter (wt) of order 1 or
larger, the inverse square of which reduces the
classical electron heat transport (18, 19). This
situation would result in the inhomogeneous
inhibition of thermal transport over the capsule
surface, altering even the zeroth-order hydrody-
namics (19, 20). Whether the source of these
inhomogeneities is Rayleigh-Taylor (RT) (21),
electrothermal (20), collisional Weibel (14, 18),
or another instability, they could provide seeds
for RT growth, which, if too substantial, could
degrade capsule compression and quench igni-
tion during final stagnation phase (4, 18, 19).
These issues are being actively investigated.

It seems plausible that either the electro-
thermal or RT instability could be the relevant
source. Ongoing planar experiments, in which
RT was purposely seeded, measured B fields of
order 100 T with the use of the monoenergetic
particle methods described here (see SOM text).
Furthermore, estimates [based on (/9)] of the
RT-generated B field under similar conditions
give fields of the same magnitude (see SOM
text). Radiography of driven solid plastic cap-
sules, which undergo no acceleration to drive
RT growth, could be used to determine whether
RT is a contributing mechanism.

Finally, the vast spatial extent of these
striated fields likely reflects their outward
convection resulting from the plasma flow,
because the fields are tied to the outflowing
plasma resulting from high plasma electrical
conductivity. We conjecture that these radio-
graphic images thus provide snapshots of fila-
mentary structures originally produced inside
the critical surface at various times during the
implosion.

Two distinctly different, simultaneously oc-
curring electromagnetic field structures, with
important implications for implosion dynamics,
have been characterized in imploding ICF cap-
sules. First, a complex filamentary field topology
permeates the entire 2400-um field of view with
striations corresponding to 60-T magnetic fields.
This field, through the inhomogeneous inhi-
bition of heat flux in the vicinity of the ablation
surface, could generate seeds for RT growth,

oo

density surface (C).

o
~

o
N

proton fluence (um?) proton fluence (um?)
o

critical density
surface

o
o —

90

T L1
180 270 360
6 (degrees)

REPORTS

thereby affecting the overall implosion dynam-
ics (4, 6, 19, 20). Second, a coherent, radial
electric field of magnitude 10° V/m exists in
the immediate vicinity of the capsule, dramat-
ically focusing protons toward the center (22).
This hitherto-unobserved field is conjectured
to originate from the gradient of electron pres-
sure. If verified, a window for analyzing the
evolution of the internal pressure dynamics is
opened; this would be of immense value for crit-
ically assessing the entire implosion process.
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