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Compact proton spectrometers for measurements of shock ρR and shock
strength in NIF implosions.
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The compact Wedge Range Filter (WRF) proton spectrometer was developed for OMEGA and transferred to
the National Ignition Facility (NIF) as a National Ignition Campaign (NIC) diagnostic. The WRF measures
the spectrum of protons from D-3He reactions in tuning-campaign implosions containing D and 3He gas; in
this work we report on the first proton spectroscopy measurement on the NIF using WRFs. The energy
downshift of the 14.7-MeV proton is directly related to the total ρR through the plasma stopping power.
Additionally, the shock proton yield is measured, which is a metric of the final merged shock strength.

PACS numbers: 52.70.Nc

I. INTRODUCTION

The National Ignition Facility (NIF) is a 1.8MJ 192
beam ignition-scale laser for Inertial Confinement Fusion
(ICF) experiments1. ICF requires proper assembly of the
fusion fuel for ignition and burn2,3. In particular, the
cold DT (deuterium and tritium) fuel must reach a high
enough areal density (ρR), which is primarily measured
by the Magnetic Recoil Spectrometer (MRS)4–7 and neu-
tron Time of Flight (nTOF) spectrometers8.

Non-cryogenic experiments are conducted as part of
the NIF tuning campaign9,10, such as Symmetry Cap-
sule (SymCap) implosions11 to tune the shape12 and
Convergent Ablation (ConvAbl) implosions13 to mea-
sure the velocity and remaining mass. In these cap-
sules the cryogenic fuel layer is replaced with a surro-
gate mass of CH and the capsules are filled with a D2 +
3He gas fuel mixture, which produces the fusion reaction
D + 3He→ 4He(3.6 MeV) + p(14.7 MeV) among others.

Of particular interest is the 14.7 MeV proton from
D3He fusion. By measuring the proton spectrum, the
energy lost while traversing the implosion is known, and
thus the line-integrated mass and total ρR are deter-
mined. This technique has been used extensively on the
OMEGA laser facility14 to study implosion physics15,16.
Several Wedge Range Filter (WRF) spectrometers17 have
been implemented at the OMEGA and NIF.

a)Electronic mail: zylstra@mit.edu

In ICF a series of shocks are driven into the capsule
by a specifically shaped laser pulse. The shock timing
is tuned so that the subsequent shocks catch up to the
first, coalesce, then collapse in the core before the peak
compression of the capsule. This gives two distinct nu-
clear production times, hereafter referred to as ‘shock’
and ‘compression’16–18.

Measurements of proton spectra during the Sym-
Cap and ConvAbl campaigns give important observables
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FIG. 1. D3He proton energy versus total ρR, calculated us-
ing the Li-Petrasso dE/dx for various ρR models: in a CH
plasma with Te = Ti = 0.5 keV, ρ = 100 g/cm3 which repre-
sents the compression phase (dashed gray) and ρ = 10 g/cm3

for the shock phase (dotted gray). The black curve repre-
sents a HYDRA-derived model composed of fuel, shell, and
ablated mass near shock burn with 50% error bars in ρ and
Te represented by the gray shaded region.
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which are used to study the effects of implosion tun-
ing; for example this data sheds light on the in-flight
mass profile and final merged shock strength, which im-
pacts the hot-spot adiabat and shell deceleration. Addi-
tionally, these data could be systematically compared to
radiation-hydrodynamics simulations in LASNEX19 and
HYDRA20 as a benchmark of those codes.

II. STOPPING POWER CALCULATIONS

To infer ρR from the energy loss we must calculate the
stopping power for an energetic proton in a plasma. We
use the Li-Petrasso stopping power model21 throughout
this work. The simplest model assumes that all ρR comes
from a spherical shell of CH plasma. At shock (compres-
sion) burn the convergence is low (high) and the shell is
best represented by ρ = 10(100) g/cm3. The measured
proton energy versus implosion ρR is calculated using
this model and shown in Fig. 1.

In reality, the in-flight ρR is composed of the nuclear
fuel, remaining ablator material, and ablated mass. The
fuel and ablated mass have much higher Te and lower ρ
than the cold shell, and therefore lower stopping power21.
This is particularly important during the shock phase,
when the remaining shell can have only ∼ 50% of the to-
tal ρR, resulting in lower ρR for a given downshift com-
pared to the spherical shell model (Fig. 1). Using a
radiation-hydrodynamics simulation from HYDRA, we
construct a model where mass-averaged ρ and Te are
taken for each of the three regions (fuel, shell, ablated
mass) from the simulation. The shell convergence in then
artificially varied to generate a curve of downshifted pro-
ton energy versus ρR.

We assume that this stopping model accurately reflects
capsule conditions within ±50% in ρ and Te (shaded re-
gion, Fig. 1). This error is added in quadrature with the
precision of the WRF to give an absolute error in ρR.

FIG. 2. Schematic of the experimental setup at NIF. The
hohlraum is shown with capsule inside. The DIM (0,0) WRFs
view the implosion through the Laser Entrance Hole (LEH) at
an angle of 11.5◦ to the hohlraum axis, while the DIM (90,78)
WRFs view through the hohlraum wall at an angle of 14◦ to
the equator.
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FIG. 3. D3He proton spectrum measured on NIF shot
N110208 (1.3MJ SymCap shot with a 544 Au hohlraum) on
DIM (90,78) (a), and DIM (0,0) (b). The downshift from the
birth energy at 14.7 MeV (dashed line) gives the ρR. Gaus-
sian fits to the shock peak are shown in gray. On the equator,
Yp = (2.43±0.44)×108 and E = 11.79±0.14 MeV, corrected
for the hohlraum downshift, corresponding to ρR = 68 ± 8
mg/cm2. Between 8 − 10 MeV we see additional proton pro-
duction associated with the start of compression burn; these
protons are downshifted more than the shock protons mean-
ing they were produced later in time at higher ρR. On the
pole, we measured a yield of Yp = (1.48 ± 0.35) × 107 and
E = 11.90±0.26 MeV corresponding to ρR = 65±10 mg/cm2.
Strong EM fields at the LEH deflect protons, resulting in the
dramatic yield reduction compared to the equatorial data.

III. EXPERIMENTAL SETUP

Fig. 2 shows the NIF experimental setup. WRFs are
fielded on Diagnostic Instrument Manipulators (DIMs),
in particular on DIMs (0,0) and (90,78)22. One to two
WRFs are fielded on each DIM23. On DIM (0,0) the
WRFs have a clear line of sight to TCC. The DIM (90,78)
WRFs look through the hohlraum. Depending on the
experimental campaign the hohlraum wall at this line of
sight is up to 64µm of Au or DU and up to 74µm of
Al24. For some hohlraums one line of sight from DIM
(90,78) is obscured by the thick Al thermo-mechanical
band; this data is not used. All proton spectra are cor-
rected for the hohlraum-induced energy downshift using
cold-matter stopping powers25, which is a valid approx-
imation according to integrated hydrodynamics calcula-
tions.

The SymCap/ConvAbl capsule fill is generally 30:70
atomic D:3He. The total laser energy used was between
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1MJ and 1.6MJ, with varying pulse shapes due to ongo-
ing ignition tuning. The hohlraum material was Au or
DU; the hohlraum geometry was varied between 5.44mm
(’544’) and 5.75mm (’575’) outer diameter.

IV. DATA

Fig. 3 shows proton spectra measured on NIF Sym-
Cap shot N110208, a 544 Au hohlraum, shot with 1.3MJ
total laser energy. The areal density measured on the
pole (ρR = 65 ± 10 mg/cm2) and equator (ρR = 68 ± 8
mg/cm2) are equivalent within error bars. Therefore this
data is consistent with a symmetric in-flight implosion
during the shock burn. However, simulations indicate
ρR = 77−85 mg/cm2 at shock flash, suggesting that the
implosion is at a larger radius (lower convergence) dur-
ing the shock burn than predicted. This is also apparent
as a difference in energy downshift, making it unlikely
that the discrepancy can be explained by systematic ρR
model uncertainties.

The shock proton yield measured on the equator [Yp =
(2.43 ± 0.44) × 108] is much higher than the polar mea-
surement [Yp = (1.48±0.35)×107]. This is due to strong
transverse magnetic or electric fields at the LEH which
deflect protons measured at DIM (0,0) but do not affect
equatorial measurements (see Fig. 2). This is consistent
previous experiments26–28 at OMEGA. Using the equa-
torial measurement only, we compare to post-shot simu-
lations that have Yp = 2.9×109 for this implosion, giving
a yield over clean (YOC) of ≈ 10%.

V. CONCLUSIONS

We report the first proton spectra measured on the
NIF in D:3He gas-filled indirect-drive implosions using
the compact WRF spectrometer. The spectral shape is
used to infer the shock proton yield, a measure of shock
strength, and the in-flight ρR at shock flash time. Com-
pared to hydrodynamics simulations, the shock proton
yield is lower than modeled by a factor of 10 and the
in-flight ρR at shock flash is lower, implying less shell
convergence by shock flash. The WRFs have recorded
high-quality data on over sixty NIF shots, including more
than forty-five indirect-drive D:3He gas-filled implosions.

Extensive future work is planned for the large WRF
data set at NIF: implementing the particle Time of Flight
(pTOF) diagnostic29 to measure the shock bang time,
developing an implosion model describing the complete
proton spectrum, using a Guderley self-similar implod-
ing shock solution18,30 to infer the final merged shock
strength from the proton yield, studying the observed
field-induced proton deficits through the LEH, and us-
ing occasional observed asymmetries between the WRF
lines of sight will be systematically studied to infer the
implosion shape, particularly for P2 modes.
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