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Neutron spectra from secondary *H(d, n)a reactions produced by an implosion of a deuterium-gas
capsule at the National Ignition Facility have been measured with order-of-magnitude improvements
in statistics and resolution over past experiments. These new data and their sensitivity to the
energy loss of fast tritons emitted from thermal *H(d,p)*H reactions enable the first statistically
significant investigation of charged-particle stopping via the emitted neutron spectrum. Radiation-
hydrodynamic simulations, constrained to match a number of observables from the implosion, were
used to predict the neutron spectra while employing two different energy loss models. This analysis
represents the first test of stopping models under inertial confinement fusion conditions, covering
plasma temperatures of kgT ~ 1-4 keV and particle densities of n ~ 12-2 x 104 cm™2. Under
these conditions, we find significant deviations of our data from a theory employing classical collisions

whereas the theory including quantum diffraction agrees with our data within error bars.

PACS numbers: 52.57.-z,34.50.Bw,29.30.-h

Understanding the rate that energetic ions (E > kpT)
deposit energy along their paths through dense plasmas
is fundamental to inertial confinement fusion research,
as it strongly constrains the hot core conditions required
to ignite the deuterium-tritium fuel. Reports of recent
implosions [IH4] with layered deuterium-tritium capsules
[5] attribute a significant part of the measured neutron
yield from 3H(d, n)a reactions to plasma heating by the
associated a-particles. Surrogate experiments with pure
deuterium-gas targets [6-9)] use yields from reactions with
energetic charged-particles to infer plasma conditions,
such as areal density and electron temperature [I0HI2] or
capsule-fuel mixing [I3]. Results derived from both types
of experiments depend on assumptions for the stopping
power of hydrogen plasmas at temperatures of kg1 =~ 1—
4 keV and corresponding densities of p ~ 100-10 g/cm?
[14]. Moreover, while energy loss models exist for these
hot, dense plasmas [I5HI8], measurements to verify their
predictions under these conditions remain a challenge.

Several experiments [19] [20] have been conducted with
capsules containing mixtures of deuterium and helium-3
to measure the energy downshift of fast hydrogen and he-
lium ions that emerge from thermal reactions within hot
(= 0.5-13 keV) plasmas at lower densities (< 10% cm™3).
When the plasma dimensions do not exceed the ion
ranges and energy loss due to ablator material [21] is

negligible, this direct method has been used to evaluate
the fuel’s stopping power under weakly coupled and non-
degenerate conditions [20].

The extension of this investigation to denser plasmas
similar to the thermonuclear cores of layered deuterium-
tritium experiments, in which neither criteron may
be satisfied, motivates indirect approaches to detect
charged-particle energy loss. In particular, the neutron
spectrum [22] emitted by *H(d, n)a reactions within an
imploded deuterium-gas capsule has been identified [12]
as a way to study the stopping of fast tritons in denser
plasmas [23].

Recent progress made on implosions with deuterium-
gas capsules at the National Ignition Facility [24 25] has
led to orders of magnitude higher secondary *H(d,n)a
yields than previous experiments [26] and enabled time-
of-flight spectroscopy with similar gains in precision. In
this Letter, we apply this new capability to the approach
proposed nearly three decades ago by Cable & Hatchett
[12] and report the first statistically significant investi-
gation of charged-particle energy loss with the neutron
spectrum.

Thermal 2H(d,p)>H reactions within the hot core
formed by imploding a deuterium-gas capsule create an
isotropic and nearly monoenergetic source of tritons with
approximately 1.01 MeV. A small fraction (10~2) of these



tritons initiate *H(d, n)« reactions before either thermal-
izing or exiting the hot core plasma. For comparison, the
neutron yields from secondary 3H(d, n)a reactions are a
factor of 10 lower than those from the thermal reactions
in deuterium-tritium implosions. The signal of secondary
neutrons is further reduced by the inefficiencies of the
time-of-flight measurements (detector at 20 m distance)
required to measure the spectrum with a resolution of
SE/E = 2% over the range of 12-17 MeV. So far these
harsh requirements have not been met (see Ref. [7] for
the only attempt to investigate energy loss through the
neutron spectrum).

The secondary *H(d,n)a neutron spectrum observed
from an implosion reflects the velocities of interacting
tritons in addition to the known angular distribution of
the neutrons. The two-body kinematics of the reaction
transform these velocities into the spectrum. The energy
loss in the plasma modifies the magnitude of the triton’s
velocities and, thus, affects the distribution of reaction
energies. Changes in the triton energy are magnified by
the energy dependence of the 3H(d, n)« cross section [27].
In total, the reaction probability is inversely proportional
to the stopping power [28].

The conditions of the hydrogen plasma, together
with the triton’s energy, determine the stopping power.
Fig. [1] illustrates the plasma conditions determined by
radiation-hydrodynamic simulation [29]. The simulations
were constrained to match the time of the peak x-ray
emission, the total neutron yield and the spectral widths
of the neutron emission (similar as in Ref. [24]). These
quantities are quoted in table || for both the simulations
and as observed in our experiment (N130813).
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FIG. 1.  (color online) Results of two-dimensional HYDRA

[29] simulations, symmetric about the z-axis (hohlraum axis)
for (a) the electron density ne, (b) the temperature k7%, (c)
the electron coupling I'c, and (d) electron degeneracy 6. at
peak energy production in experiment N130813. The white
curve defines the boundary between the fuel and surrounding
carbon ablator. The observed *H(d, n)a neutron spectrum is
sensitive only to the weakly coupled, nondegenerate plasma
inside the white curve.
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FIG. 2. (color online) Map of the energy deposition of tritons
in the plasma, summed over the burn duration and weighted
by volume. The highest energy deposition occurs in the low-
temperature, high-density regions surrounding the hot core.
Tritons that escape the deuterium plasma are quickly stopped
in the remaining carbon ablator (outside the white curve).

The relevant region in our experiment is the hot core of
the implosion with temperatures of kgT = 1-4 keV and
relatively moderate densities of 12-2 x 10?4 em 3. Fig.
displays the energy deposited by tritons as they traversed
the plasma using the plasma conditions from the HYDRA
simulation. Within a single implosion, we examine the
stopping power of the deuterium plasma integrated over
conditions in the core region by comparing the neutron
spectra measured with two time-of-flight detectors with
those obtained by the simulations. For comparison, we
can switch between two commonly employed energy loss
models [I5] [T6] in the simulation.

Figure [3|illustrates how the interacting tritons and the
corresponding neutron spectrum respond to the plasma
conditions as shown in Fig. Our conditions overlap
with the parameters of hot cores of layered deuterium-
tritium implosions, and afford the first comparison of
stopping models with experimental data directly relevant
to inertial confinement fusion.

To calculate the 3H(d, n)a neutron spectrum requires
simulating the production and transport of tritons, from
their origins in the hot core to their interaction points
throughout the plasma. Of course, this simulation must
also describe the plasma’s spatiotemperal evolution over
the thermonuclear stage of the implosion as it modifies
both processes. The standard prescription in HYDRA for
the charged-particle energy loss within the fully ionized,
hot hydrogen plasmas uses Maynard and Deutsch’s [15]
version of the random phase approximation for electron
stopping and a binary collision description for ions [30].
For comparison, we include another model frequently
used to calculate electron stopping power under these
conditions: the Fokker-Planck formulation given by Li
and Petrasso [16].

The experiments analysed employ spherical capsules
filled with pure deuterium gas. A set of capsules was
ablatively imploded using the indirect drive technique



> 0 o

N

Relative Intensity
= w

0.0 1212 13 14 15 16 17
Trlton Energy (MeV) Neutron Energy (MeV)

FIG. 3. (color online) Energy distributions of reacting tritons
(left panel) and their associated neutron spectra (right panel)
as simulated using the plasma conditions shown in Fig. [[]and
the default stopping model in HYDRA [30] for a set of radii
spanning the deuterium plasma: 10-20 pgm (black), 60-70 pm
(blue), 70-80 pm (red), and from 80 pm to the carbon ablator
(green). The mean triton energy decreases with radius, which
reduces the Doppler shift and, thus, narrows the distribution
of emitted neutrons. The energy loss also strongly increases
the relative intensity of the neutron spectrum as the tritons
approach the strong resonance in the 3H(d, n)a cross section
at a triton energy of 160 keV. An analogous behavior occurs
in time: as the plasma cools and becomes more dense during
the thermonuclear burn duration, the spectrum narrows and
the 3H(d, n)a yield per triton increases.

at the National Ignition Facility [3I] as part of an ex-
perimental campaign assessing the performance of high-
density carbon ablators [24]. These implosions were of
particular interest due to their reported high symme-
try and absence of observed capsule-fuel mixing. From
this set of experiments, we focus here on the implosion
that produced the highest yields (N130813). Here, the
2H(d,n)*He and *H(d,n)a yields were in excess of 103
and 101!, respectively [9, 24].

Two time-of-flight spectrometers [32] with bibenzyl
scintillators [33] provided current mode measurements of
neutron events at distances of 18 and 22 m from the
target, along the (6,¢) = (161°,56°) and (115°,316°)
lines of sight, respectively. Each spectrometer collected
3H(d,n)a and ?H(d, n)3He data from the implosion using
four photodetectors to assure signal quality. The events
due to both reactions generated signals with statistical
precisions better than 1% [34], where the signals from
the reactions contained no observable background. The
downscattering of neutrons by compressed material of the
capsule was observed to have little effect on the *H(d, n)a
and 2H(d,n)*He signals [35].

The 2H(d,n)>He signal contains several important
pieces of information for the present investigation. The
yield of the ?H(d,n)*He neutron peak determines how
many tritons were emitted from 2H(d, p)>H reactions, as
deuterium fusion proceeds equally through both channels
for the temperatures created by the implosion [36]. Thus,
the yield combined with the observed peak broadening
are a diagnostic of hot core conditions. General aspects
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FIG. 4. (color online) Spectra of 2H(d, n)*He and *H(d, n)a
reactions extracted from detectors (o) along the lines of sight
(0,¢) = (115°,316°) in panels (a) and (c), and (161°,56°) in
panels (b) and (d). The data points are spaced in increments
of the full width at half maximum of each detector’s impulse
response function, and contain statistical uncertainties (which
are smaller than the marker size) from neutron interactions,
photoelectrons, and digitizer noise. Simulated spectra (lines)
are normalized to the measurements to emphasize differences
in shapes. Results for the Maynard and Deutsch [I5] (red)
and Li and Petrasso [16] (blue) stopping power models are
shown for ®H(d,n)a spectra; only Maynard and Deutsch is
shown for the 2H(d, n)3He spectra as they are independent of
stopping model. Note that a higher degree of asymmetry in
areal density and/or plasma conditions than was accounted
for in the simulations is believed to be responsible for the bad
agreement shown in panel (d) [39].

of the 2H(d, n)*He analysis are discussed in Ref. [37].

To perform the analysis of the secondary reaction,
3H(d,n)a , the related neutron energy spectrum must
be extracted from the digitized photodetector signals to
correct for scintillator response and neutron transmission
through materials in the line of sight [3§]. First, the raw
signals are aligned to a timing fiducial indicating peak
x-ray production from the implosion. In the next step, a
fitting algorithm, which parametrizes the spectrum with
a penalized spline [37], separates the measured impulse
response functions of the detection systems. In Fig. [d]
the resulting spectrum for each detector is displayed.
Note that, if tritons did not lose energy, the measured
3H(d,n)a spectra would have a flat distribution due to
the reaction’s isotropy [12].

Activation foil measurements [40] were employed to
calibrate the yields of fitted *H(d,n)a and ?H(d,n)He
spectra resulting in systematic uncertainties of 8%. The
ratio of *H(d, n)a to 2H(d, n)*He yields from both spec-
trometers determines that (7.040.8)x 1072 of the tritons
created react in the present experiment. Uncertainties
from each yield are summed in quadrature to give the
ratio’s uncertainty of 11%.

We perform an integrated analysis of the observables



TABLE I. Comparison of the metrics from the simulation
and diagnostic measurements for experiment N130813.

Measurement HYDRA
(0, 9) 9, ¢F)
(115,316) (161,56) (115,316) (161,56)
2H(d,n) yield (10*3) 2.2+02 2.2+0.2
3H(d,n) yield (10**) 1.5+£0.1 1.6+0.1

Observable

Yield ratio (107%)  7.0£0.8 7.0+£0.8

’H(d,n) stdfkeV) 69+£3 71+£3
Bang timd'| (ns) 7.86 4 0.02 7.68
Burn width®| (ps) 290 £ 20 310

2 2D HYDRA simulations are azimuthally symmetric.
b Independent of stopping power model.
¢ Maynard and Deutsch stopping power model.

d Li and Petrasso stopping power model.
¢ Standard deviation calculated from fit over 2.2-2.7 MeV.

f Peak x-ray emission [41].
€ Full width at half maximum of x-ray emission [41].

from experiment N130813 using two-dimensional HYDRA
simulation to model the plasma conditions and neutron
spectrum [42] [43]. Table [I| summarizes the agreement
between the simulations and present experiment. It also
highlights the predicted differences in the 3H(d, n)a yield
related to the different stopping models applied to slow
down the tritons in the plasma.

The difference between simulated results for the two
stopping models is measurable within the accuracy of the
3H(d,n)a spectrum, both by its integral and its shape.
The ratios of 3H(d,n)a to 2H(d,n)*He yields listed in
Table [I| show Li and Petrasso’s model gives a 32% larger
value than the experiment, while the one for Maynard
and Deutsch’s model is high by 13%, just slightly above
the measurement uncertainty of 11%. The theoretical
predictions differ by roughly two standard deviations of
the measurements allowing for a distinction between the
models. Our experimental data strongly favor Maynard
and Deutsch’s theory for the hot spot conditions, as the
3H(d,n)a yield predicted with the Li and Petrasso model
exceeds the measurements by more than three standard
deviations.

The predictions from the two stopping models tested
differ so strongly because most reactions occur in the
dense fuel near the boundary of the hot spot and the
ablator (see Fig. . Before they reach this region, most
triton have traveled a longer path through the plasma
and the differences between stopping models accumulate
over that path. The deviations are further amplified by
the strong resonance in the cross section for the *H(d, n)a
fusion reaction. By predicting a larger energy loss, the
Li and Petrasso model increases the overlap between the
triton’s energy distribution and the resonance. Although
the reaction probability also has an inverse relationship
with the stopping power as a larger energy loss results

in less areal density at each triton energy, the yield, in
this case, is dominated by the degree of overlap with the
resonance.

The differences between the stopping models can also
be observed in the shape of the neutron spectra. The
extra reactions predicted by the Li and Petrasso model
occur mainly at lower triton energies, thus, populating
the neutron spectrum at energies of 13—-15 MeV. This
contribution makes the area-normalized spectra appear
more narrow for the Li and Petrasso model than it is
predicted with the Maynard and Deutsch approach (see
Figs. [4] (c) and (d)). A x2 analysis of the spectra gives
values of 1.1 (top, v = 24) and 11.1 (bottom, v = 20)
for the Maynard and Deutsch and 3.6 (top) and 11.2
(bottom) for Li and Petrasso models which quantifies the
better match by the approach of Maynard and Deutsch
related to the shape of the neutron spectrum.

The physical reasons for the observed differences in
stopping models may be found in the different treatment
of collisions. Whereas the Li and Petrasso model has
classical collisions at its basis, the approach of Maynard
and Deutsch is equivalent to the full quantum treatment
within RPA [44]. However, it is not quantum degeneracy
that drives the differences as indicated by the large value
of ©; instead, quantum diffraction significantly modifies
the cross section of triton-electron collisions at the high
plasma temperatures considered here.

The effect of quantum diffraction can be quantified by
the Born parameter £ = p/A\gp which is the ratio of the
distance of closest approach and the electron deBroglie
wavelength. For the conditions in the hot core, we find
0.08 < ¢ < 0.1, that is, the deBroglie wavelength is far
larger than the interaction zone requesting a quantum
description of scattering. Neglecting quantum diffraction
strongly degrades the performance of the Li and Petrasso
model for our conditions. The small deviations of the
RPA-like model and the measurements might be related
to the neglect of strong scattering [44] which is of minor
importance for the conditions in the core of the implosion
but has been recently observed more clearly for particle
velocities around the Bragg peak [45] [46].

In conclusion, the order-of-magnitude improvement in
neutron spectroscopy of secondary *H(d,n)a reactions
at the National Ignition Facility enable investigations of
charged-particle energy loss using these neutron spectra.
This method extends studies of stopping power to hot,
dense plasmas directly relevant to inertial confinement
fusion. Here, an improved understanding of self-heating
by a-particle is necessary to evaluate the performance
of experiments and guide future designs. Our data are
accurate enough to distinguish between the models of Li
and Petrasso and the RPA-like approach by Maynard and
Deutsch. Whereas the latter is roughly consistent with
our measured neutron spectra, the prediction of the Li
and Petrasso model are three standard deviations away
from the data. These differences may be attributed to



the incorporation or neglect of quantum diffraction in the
underlying scattering theory of these stopping models.
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