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Three-dimensional reconstruction algorithms have been developed which determine the hot-spot velocity,
hot-spot apparent ion temperature distribution, and fuel areal density distribution present in laser-direct-
drive inertial confinement fusion implosions on the OMEGA laser. These reconstructions rely on multiple
independent measurements of the neutron energy spectrum emitted from the fusing plasma. Measurements
of the neutron energy spectrum on OMEGA are made using a suite of quasi-orthogonal neutron time-of-flight
detectors and a magnetic recoil spectrometer. These spectrometers are positioned strategically around the
OMEGA target chamber to provide unique 3-D measurements of the conditions of the fusing hot spot and
compressed fuel near peak compression. The uncertainties involved in these 3-D reconstructions are discussed
and are used to identify a new nTOF diagnostic line of sight which when built will reduce the uncertainty in
the hot-spot apparent ion temperature distribution from 0.7 to < 0.4 keV.

I. INTRODUCTION

In laser-direct-drive! inertial confinement fusion
(ICF)? experiments performed at the OMEGA laser?, a
~1 to 2-ns laser pulse is used to irradiate a ~500-pum-
radius spherical capsule filled with a deuterium tritium
(DT) gas that is surrounded by a thin (~50-pm) DT ice
layer. As the laser irradiates the target it begins to im-
plode. As the target implodes, the DT hot-spot plasma is
compressed and heated to the high densities (~5 g/cm?)
and temperatures (~4 keV) required for thermonuclear
fusion to occur. The laser-direct-drive experiments being
performed on the OMEGA laser seek to demonstrate a
hydrodynamically efficient implosion which, if performed
at a higher-energy laser facility, would achieve the con-
ditions required for thermonuclear ignition.

Targets that are compressed asymmetrically will not
fully convert their shell kinetic energy to hot-spot ther-
mal energy, reducing the overall fusion yield generated
from the implosion and decreasing the hydrodynamic ef-
ficiency of the implosion.*® It is therefore important to
minimize all perturbation sources present in the laser
and target that may lead to an asymmetric compression
of the target. In order to understand the impact that
known perturbations have on implosions and to identify
unknown perturbation sources, 3-D diagnostics (i.e., hav-
ing three or more diagnostic lines of sight) are being de-
veloped that measure the conditions of the target near
peak compression.
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Over the past decade, a suite of nuclear diagnostics
have been fielded on the OMEGA laser.® These detec-
tors are used to measure the neutron energy spectrum
emitted from the ICF target near peak compression and
are used to infer the total fusion yield, hot-spot apparent
ion temperature, hot-spot velocity, and fuel areal density
along each line of sight. The detectors have been strate-
gically positioned around the OMEGA target chamber
such that each detector provides unique data which can
be used to reconstruct the 3-D conditions of the com-
pressed target.

In this paper we describe the detector suite that cur-
rently exists on OMEGA and the 3-D reconstruction
techniques that have been developed to interpret the
measured quantities. The reconstruction techniques ex-
ploit the 3-D nature of the detector suite to generate a
holistic view of the conditions of the hot spot and fuel
near peak compression, and provide new insights into
the symmetry of laser-direct-drive implosions. The tech-
niques used to reconstruct the hot-spot velocity, apparent
ion temperature distribution, and areal-density distribu-
tion will be described and the associated uncertainties
will be discussed. These techniques will be demonstrated
using data from an experiment with a large-mode one
drive asymmetry. Finally, we determine the optimal line
of sight along which an additional neutron spectrometer
could be fielded on OMEGA in order to minimize the
uncertainties in the 3-D reconstructions.

The paper is organized as follows: In Sec. II we briefly
summarize the effect that asymmetries have on the neu-
tron spectra emitted from ICF targets. In Sec. III
we describe the neutron spectrometers that are used on
OMEGA. In Sec. IV we describe the 3-D reconstruction
techniques that are used to determine the conditions of
the hot spot and fuel, and the uncertainties associated
with these techniques. A summary and future work are



described in Sec. V.

Il. NEUTRON SPECTRUM EMITTED FROM AN ICF
TARGET

Neutron spectroscopy is a key diagnostic tool in ICF
experiments. The primary fusion neutron energy spec-
trum is used to infer the fusion yield, apparent ion tem-
perature, and hot-spot velocity along the measured line
of sight. The scattered neutron spectrum is used to in-
fer the areal density of the DT fuel. In this section we
briefly describe the fundamentals of the neutron energy
spectrum emitted from an ICF target and how it can be
used to understand the conditions of the target near peak
compression.

A. Primary neutron spectrum

The primary DT and DD thermonuclear fusion reac-
tions occurring within the hot spot at peak compression
generate spectral features in the neutron energy spec-
trum emitted from the ICF target at ~14.028 MeV and
~2.45 MeV, respectively. The neutron energy spectrum
produced by thermonuclear fusion reactions is well de-
scribed by a normal distribution with a mean and vari-
ance that depend on the local hydrodynamic conditions
of the hot spot and the direction along which the neu-
trons are measured.” 12

The mean energy of the primary neutron energy spec-
trum measured along a direction d can be written as%10

(E) = By + ABw(T) + AEx(il - d), (1)

where the first term is the nominal energy at which neu-
trons are emitted in the fusion reaction and is given by
Ey = mq/mQ, where m = mj+m,, is the sum of the neu-
tron mass m, and the mass of the second fusion product
(i.e., the alpha particle m,, for DT fusion and He® mass
myes for DD fusion), and where ) represents the energy
released in the fusion reaction. The second term is the
Gamow shift due to the relative kinetic energy of the re-
acting ions and depends on the local thermal temperature
of the hot spot.'® The third term is the doppler shift due
to the local fluid velocity 4 in the hot spot and depends
on the measurement direction d (Refs. 13 and 11). By
measuring the mean energy of the neutrons emitted from
the hotspot along multiple lines of sight, the underlying
hot-spot velocity and Gamow shift can be inferred.” 4

The variance of the primary neutron energy spectrum
can be written as'®!6

(B~ (B)y) = 2n

where T} is the local thermal ion temperature of the
plasma and var(a - d) is the variance in the fluid veloci-

T + 2mpEgvar(@ - d),  (2)

ties within the hot spot along the measurement direction
d. The first term in this equation is isotropic while the
second term depends on the measurement direction.

The fluid velocity variances in the hot spot are not
known apriori, so it is common experimentally to work
with the apparent ion temperature. The apparent ion
temperature is inferred directly from the variance of the
measured neutron energy spectrum using Eq. (2) by ne-
glecting the contribution from the fluid velocity variance.
The apparent ion temperature can be written as'®

TPPP =T, + mwvar(d - d). (3)

The apparent ion temperature measurement will be
sensitive to flow-velocity variances and will be differ-
ent along different lines of sight (LOS) depending on
the amount of fluid velocity variance along each LOS.
Therefore, the differences in the apparent ion tempera-
tures measured along different lines of sights can be used
to gain information on the structure of the flow-velocity
variances.'® It should be noted that because of the sym-
metry of the velocity variance calculation, antipodal de-
tectors will measure the same apparent ion temperature
and so do not provide additional information. This must
be considered when selecting new lines of sight to field
detectors.

B. Scattered neutron spectrum

As the primary neutrons exit the capsule, a fraction
will elastically scatter off the D and T present in the
dense fuel layer and generate a broad scattered neutron
spectrum with energies <14 MeV. The shape of the scat-
tered neutron energy spectrum depends on the differen-
tial elastic cross section and exact configuration of the
hot spot and fuel. Assuming a point like hot-spot (neu-
tron source) and that the areal density (scattering sites)
is infinitesimally thin shell, the number of scattered neu-
trons Y’ can be written as

R
Y = YDTEDTWP ; (4)
DT

where Ypr is the total primary DT fusion yield, apr
is the average elastic scattering cross section of 14-MeV
neutrons off D and T over the energy range that is be-
ing analyzed, mpr is the average atomic mass of the
D and T in the fuel region, and pR is the areal den-
sity. Therefore, by measuring the number of scattered
neutrons along different lines of sight, the areal density
along different regions of the shell can be inferred.

It should be noted that in experiments on OMEGA,
neutrons are produced throughout the ~30-pum-radius
hot spot. Additionally, neutron scattering occurs within
both the hot spot and the ~10-um-thick dense fuel re-
gion. The fact that the neutron-production volume is



not a point source results in the average path length tra-
versed by neutrons as they exit the target to be greater
than the radius of the target.!” This results in the in-
ferred areal density using Eq. (4) to be slightly larger
than the hydrodynamic areal density which is calculated
as pR = fooo pdr along radial trajectories. The degree
with which this affects the inferred areal density is cur-
rently being studied'® and will be the focus of future
work. Independent of the exact hot spot and shell con-
figuration, the areal density inferred from the number of
scattered neutrons using the point source model [i.e., Eq.
(4)] is a meaningful quantity that is proportional to the
amount of dense material in the fuel layer.

Unlike the primary neutron energy spectrum, which
contains information about the hot-spot velocity and ap-
parent ion temperature along the detector line of sight,
the scattered neutron energy spectrum contains informa-
tion on the areal density throughout the entire capsule.
Depending on the specific region of the neutron energy
spectrum being analyzed, the areal density in different
regions of the capsule can be inferred. This is due to the
fact that there is an exact mapping between the cosine of
the neutron scattering angle and the energy of the out-
going neutron. This results in the number of scattered
neutrons in a particular neutron energy range containing
information on the areal density along a specific neu-
tron scattering angle, and therefore specific portion of
the dense fuel region. A detailed discussion of the rela-
tionship between the region along which the areal density
is inferred from the scattered neutron spectrum can be
found in Refs. 19, 20, and 21.

The neutron detectors described in Sec. III infer the
areal density from either the nT backscatter edge re-
gion of the neutron energy spectrum (3.5 to 4.0 MeV)
or the forward-scattered region (9 to 11 MeV). The nT
backscattered-inferred areal density corresponds to neu-
trons with an average scattering cosine of p = -0.9, while
the forward-scattered-inferred areal density corresponds
to an average scattering cosine of g = 0.7. This means
the nT backscatter edge inferred areal density is a mea-
sure of the areal density in the region of the dense fuel
opposite the detector line of sight, while the forward-
scattered-inferred areal density is a measure of the dense
fuel along the detector line of sight. The areal-density
reconstruction analysis (see Sec. IV) includes these kine-
matic effects.

I1l. NUCLEAR SPECTROMETERS ON OMEGA

Several nuclear spectrometers have been fielded on
the OMEGA laser to infer the conditions of the target
near peak compression. The current detector suite on
OMEGA consists of neutron time-of-flight (nTOF)?? de-
tectors positioned along seven different lines of sight”, a
magnetic recoil spectrometer (MRS)®, and two charged-
particle spectrometers (CPS’s)?. These detectors have
been positioned strategically around the OMEGA tar-
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FIG. 1. The lines of sight along which neutron time-of-flight
(nTOF) detectors are fielded on OMEGA. The blue structure
indicates the OMEGA target chamber, while the green lines
indicate the detector lines of sight.

get chamber such that each detector provides unique 3-
D data. The configuration of the nTOF and charged-
particle spectrometers around the OMEGA target cham-
ber are shown in Figs. 1 and 2, respectively.
Measurements of the neutron energy spectrum are
made using the nTOF and MRS detector, while mea-
surements of the knock-on deuteron spectrum are made
with the CPS detectors. Due to the complexity in an-
alyzing the knock-on deuteron spectrum at the areal
densities (>100 mg/cm?) achieved in cryogenic ICF
experiments??, the CPS detectors are not currently con-
sidered in this work but will be the focus of future work.

A. Neutron time-of-flight detectors

Neutron time-of-flight detectors measure the neutron
flux arriving at a detector located some distance away
from a neutron source. As neutrons travel from the
source to the detector, they are dispersed in time due
to the spectrum of neutron energies (velocities). Neu-
trons with the highest energy arrive earliest in time, while
lower-energy neutrons arrive later in time. By measuring
the dispersion in the neutron arrival times at the detec-
tor, the neutron energy spectrum can be measured.

Several different neutron detector technologies are used
on OMEGA and operate over DT fusion yields between
102 to 10'*. Scintillator-based detectors are used on
OMEGA and operate by using a scintillator material
to convert the neutron flux into a photon flux. This
photon flux is then amplified and recorded as an elec-
trical signal by a photomultiplier tube (PMT) that is
coupled to the scintillator material?>2%. Chemical-vapor-
deposition (CVD) semiconductor detectors?” are also
used on OMEGA and operate by applying a bias across
the diamond and measuring the current generated by
electron hole pairs formed when the neutrons interact
with the diamond material. Finally, unshielded MCP-
PMT detectors®® are used that operate by measuring the



photoelectrons generated when neutrons interact with
the fused-silica window of these PMT detectors?®.

There are a total of seven nTOF detectors on OMEGA
that measure the primary DT neutron spectrum’. Each
of these detectors measure the primary fusion yield. Six
of these detectors are positioned sufficiently far from the
target chamber center to provide an accurate (£200-eV)
measurement of the DT apparent ion temperature.2? Five
of these detectors have been equipped with an optical
timing fiducial that allows for an accurate absolute time-
of-flight measurement to be made.?> From the absolute
time-of-flight measurement, the mean energy of the neu-
trons can be measured directly.

There are two nTOF detectors on OMEGA which mea-
sure both the primary DD and scattered neutron energy
spectrum. These detectors use an identical design® and
are fielded in well-shielded and collimated lines of sight.
Gated PMTs are used in these detectors to avoid satu-
ration of the detector from the large DT neutron signal.
Both of these detectors are located sufficiently far from
target chamber center to measure an accurate (£200-eV)
apparent DD ion temperature and are equipped with op-
tical timing fiducials to make absolute neutron energy
spectra measurements. These detector make high-fidelity
measurements of the scattered neutron spectrum?’ and
the areal density is inferred from the nT backscattered
spectral feature (3.5 to 4.0 MeV). As mentioned above,
measurements from this region of the neutron energy
spectrum can be used to infer the areal density in the
region of the target opposite the nTOF line of sight.

To infer the physical values of interest from the mea-
sured nTOF signals, a forward fit is used.?:3? In this
approach, a model neutron energy spectrum is converted
to an nTOF signal, weighted by the detector neutron
sensitivity and line-of-sight attenuation, and then con-
volved with the detector neutron instrument response
function (IRF). A least squares fit using the forward-
modeled spectrum is then performed and the optimal fit
parameters are determined. The primary neutron en-
ergy spectra analysis uses a semi-relativistic fusion neu-
tron energy spectrum model,'® which has an apparent
ion temperature and mean neutron energy parameter.
The scattered neutron spectra fit use an analytic calcula-
tion of the scattered neutron spectrum assuming a point
source and has a single areal-density parameter.'®

The detector neutron sensitivity and line-of-sight at-
tenuation are calculated using MCNP simulations.3!:33:34
For the primary DT neutron detectors on OMEGA,
MCNP calculations show that the detector sensitivity
and line-of-sight attenuation does not vary significantly
across the narrow (<1-MeV) range of neutron energies
analyzed by these detectors. For the primary DD and
scattered neutron detectors, MCNP calculations reveal
that the detector sensitivity can vary 10% to 20% while
the line-of-sight attenuation can vary ~5% across the en-
ergy ranges that are analyzed. Therefore, in the analysis
of the DD and scattered neutron spectra, the exact shape
of the detector sensitivity and line-of-sight attenuation

FIG. 2. The charged-particle detector suite on OMEGA,
which consists of two charged-particle spectrometers (CPS’s)
and a magnetic recoil spectrometer (MRS). The grey struc-
ture is the OMEGA target chamber.

are included in the analysis.'®

The neutron detector instrument response function is
constructed by a convolution of the detector x-ray re-
sponse and the detector neutron interaction response.
The x-ray response is measured experimentally for each
detector during calibration experiments (see below).
The neutron interaction response varies with neutron
energy>? and represents the different times at which neu-
trons generate signals within the detector. The temporal
width of the neutron interaction response is dominated
by the transit time of the neutrons through the detec-
tor. DT neutrons are fast (~50 pm/ns) and the DT
detectors on OMEGA are thin (<5 mm), resulting in the
neutron interaction response being well approximated by
a box function with width <100 ps. The DD and scat-
tered neutrons are much slower than DT neutrons, and
the detectors used to measure these neutrons are 10 cm
thick.?6 This results in the neutron transit time through
these detectors being significant (>2 ns). The neutron in-
teraction response has been calculated using MCNP for
a variety of neutron energies.?? In the analysis of the DD
spectrum, the 2.45-MeV neutron interaction response is
used, and the 3.5-MeV response is used in the scattered
neutron spectrum analysis.

For the absolute time-of-flight measurements,® cali-
bration experiments are performed that generate short
(<100-ps) x-ray pulses using the OMEGA or OMEGA
EP lasers.?¢ In these experiments, the laser irradiates an
Au foil or sphere for <100 ps. This results in the pro-
duction of a short burst of x-rays, which represents a
delta function for the nTOF detectors and is therefore
a measurement of the detector x-ray response function.
Furthermore, because the transit time of photons from
the target to the nTOF can be calculated based on the
detector distance, an absolute timing reference can be es-
tablished using the x-ray signals measured by the nTOF
detector. To determine the absolute timing calibration,



the delay between the expected arrival time of the x-ray
to the detector distance, which is known to ~5-mm ac-
curacy, is measured. This delay is primarily due to the
transit time of the electrical signal from the PMT to the
oscilloscope and the transit time of the optical fiducial
from the master oscillator of OMEGA to the oscilloscope.

B. Magnetic recoil spectrometer

The MRS on OMEGAS37 consists of a CDy conver-
sion foil placed ~10 cm from the ICF target, a large
permanent magnet positioned 215 c¢cm behind the foil,
and an array of CR-39 coupons.® Incident neutrons emit-
ted from the target elastically scatter off the foil and
generate recoiled deuterons. The deuterons that exit in
the forward direction enter the aperture of the magnet
and are spatially dispersed as they propagate through
the magnetic field due to their different velocities. The
deuterons are then recorded by the CR-39 coupon array,
which is arranged in space such that each coupon mea-
sures deuterons at a given deflection angle (and therefore
energy). Each CR-39 coupon is etched and the deuteron
yield for each deflection angle (i.e., deuteron energy) is
determined.

The aperture placed in front of the magnet ensures
that only near forward-scattered recoil deuterons prop-
agate through to the magnet and are recorded by the
MRS detector. This ensures that there is a near one-to-
one relationship between the initial energy of a neutron
which interacts with the CDy conversion foil and the re-
coiled deuteron it generates. Therefore, the neutron en-
ergy spectrum can be inferred from the recoiled deuteron
spectrum.

The MRS detector on OMEGA measures the primary
DT neutron energy spectrum and the forward-scatter
portion of the neutron energy spectrum (9 to 11 MeV).
Due to the detector resolution constraints, only the pri-
mary DT fusion yield is currently able to be accurately
inferred from the primary DT spectrum.3® The areal den-
sity is inferred by measuring the number of scattered neu-
trons in the 9 to 11-MeV region of the scattered neutron
spectrum which corresponds to neutrons with an average
scattering cosine of y = 0.7. Therefore, the MRS de-
tector infers the areal density in the region of the target
along the MRS line of sight.

To analyze the measured recoil deuteron spectrum, a
forward fit is used. In this approach a model neutron
energy spectrum is propagated through the detector IRF
and compared directly to the measured deuteron spec-
trum. The detector IRF has been simulated in Geant43°
and accounts for the exact geometry of the detector con-
figuration and the measured magnetic field. The IRF and
absolute energy calibration are verified using calibration
experiments.5

IV. RECONSTRUCTIONS

Each detector described in Sec. III measures either
the fusion yield, apparent ion temperature, hot-spot ve-
locity, or areal density along the detector direction. To
make use of these individual measurements, 3-D recon-
struction algorithms must be developed that combine the
individual measurements into a holistic 3-D view of the
hot spot and dense fuel conditions.

In each of the reconstructions discussed below, a
physics-based model is invoked that describes each mea-
sured quantity using a set of parameters. The reconstruc-
tions aim to determine the optimal parameters that best
match each of the individual measurements. To accom-
plish this task, we assume uninformative uniform prior
distributions for the model parameters and assume that
each measurement has a normal probability distribution
with a mean and variance given by the measurement
value and the associated uncertainty. In this scenario,
the optimal parameters can be determined by maximiz-
ing the log likelihood function® given by

N -

L@ (D} oafry = 3 WHAD = D)” - )

i

where @ is a vector of the model parameters, M (&) is the
physics model, D; is the set of data measured along each
line of sight with associated uncertainties o;, where N is
the number of measurements, and where I is any external
information required in the model. Examples of external
information are the measurement line-of-sight direction
or the fusion reaction associated with the neutron spec-
trum.

In each of the reconstructions discussed below, opti-
mization and sampling of the likelihood function was ac-
complished using a Markov Chain Monte Carlo (MCMC)
algorithm.! This is convenient in that the uncertainties
in the model parameters can be easily estimated using
the confidence intervals of each parameter. Furthermore,
the apparent ion temperature reconstruction model has
six parameters that can be difficult to optimize with stan-
dard gradient decent algorithms.

The reconstruction algorithms discussed below will be
applied to the measurements made on OMEGA shot
94660. This shot was known to have a large mode-one
drive asymmetry due to anomalous laser beam point-
ing errors.*? This experiment is therefore a good can-
didate for testing these reconstruction algorithms since
the asymmetries in the hot spot and DT fuel are exacer-
bated and can be resolved with the current measurement
uncertainties. From 3-D radiation-hydrodynamic simu-
lations, experiments with large mode-one drive asymme-
tries have large hot-spot flow velocities (>100 km/s) in
the direction of the mode-one drive asymmetry*. Addi-
tionally, simulations find that a large apparent ion tem-
perature (>1.0-keV) asymmetry and areal-density asym-
metry will also be present and aligned with the hot-
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FIG. 3. A sinusoidal projection of the OMEGA target cham-
ber coordinate system showing the reconstructed hot-spot ve-
locity (yellow star) and the uncertainty in the direction (blue
cloud) of this reconstruction determined through a Monte
Carlo analysis.

spot velocity and mode-one.*'® Therefore, we can use
these experimental results to check if these reconstruc-
tion techniques are consistent with the expectation from
radiation-hydrodynamic simulations.

A. Hot-spot velocity

To reconstruct the hot-spot velocity that was present
in an experiment, the mean energy measurements made
using the nTOF detectors are used. The physics model
for the mean energy measured along a line-of-sight d of
a neutron species s can be written using Eq. (1) as

M(@|d,s) = E + AES, + AES (@ - d) (6)

with the parameters of the fit being & =
(g, ty, uzy, AERT AERDP).  Here wugz,u,,u, are the
Cartesian components of the hot-spot velocity vector
i, and AE&T and AEt[})ID are the Gamow shifts of the
DT and DD fusion reactions, respectively. This model
makes it explicit that the appropriate Eg, AFE:,, and
AFE; be used when comparing to neutron data from a
specific fusion reaction. Note that in this model we have
assumed that both species sample the hydrodynamic
conditions equally. This assumption is supported by 3-D
radiation-hydrodynamic simulation that show only a
small deviation between the production rates of DT and
DD reactions in the capsule in both space and time*3.
The data set {D;} that is compared to this model is the
individual mean energy measurement inferred from the
primary DT and DD neutron energy spectrum made with
the nTOF detectors. Each of the nTOF measurements
has a mean energy uncertainty between 5 to 17 keV.
This model and data have been applied for shot 94660
on OMEGA. The hot-spot velocity reconstruction was
found to have a magnitude of 155+11 km/s. The direc-
tion of the velocity was in the direction 8 = 74+6° and
¢ = 13945° in the OMEGA coordinate system. This
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FIG. 4. A sinusoidal projection of the OMEGA target cham-
ber coordinate system showing the reconstructed hot-spot ve-
locity direction (yellow star), the antipodal direction of the
hot-spot velocity (blue square), the measured DT apparent
ion temperatures (triangles), and the apparent ion tempera-
ture reconstruction (red color map) for shot 94660.

direction is well aligned with the direction of the known
mode-one drive asymmetry,?? which was directed along
(0,9) = (51°,122°). This direction was determined us-
ing a hard sphere laser illumination calculation using the
measured beam pointing, target offset, and laser energy
on this experiment.*? Figure 3 shows the direction of the
reconstructed hot-spot velocity in the OMEGA coordi-
nate system.

The uncertainties in the hot-spot velocity reconstruc-
tion parameters are determined from the confidence in-
tervals of the likelihood function. The uncertainty in the
hot-spot velocity magnitude is ~11 km/s, while uncer-
tainty in the polar angle is ~6° and the azimuthal angle
~5°. To visualize the directional uncertainty, a separate
Monte Carlo analysis was performed in which an ensem-
ble of synthetic neutron mean energy measurements were
generated using the uncertainty of each measurement.
The velocity reconstruction algorithm was then applied
to these synthetic measurements and the hot-spot veloc-
ity was determined. Figure 3 shows the ensemble of the
reconstructed hot-spot velocities from this Monte Carlo
study. The cloud of reconstructed hot-spot velocity vec-
tors represents the uncertainty in the reconstruction di-
rection.

B. Apparent ion temperature distribution

To reconstruct the apparent ion temperature distribu-
tion that was present in an experiment, the apparent ion
temperature measurements made using the nTOF’s are
used. In the analysis presented here, only the DT ap-
parent ion temperature will be considered. The physics
model for the measured apparent ion temperature along
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FIG. 5. A sinusoidal projection of the OMEGA target cham-
ber coordinate system showing the uncertainty in the appar-
ent ion temperature reconstruction using the current detector
suite on OMEGA. The blue circles are the antipodal direc-
tions with the largest apparent ion temperature uncertainty.

a line-of-sight d is given by Eq. (3), which can be written
as

M(@|d, Tyn, ) = Ty, + mVar(i - d) (7)
with the parameters of the fit given by a =
(02,,00,,02.,202,,20%.,202,) and represent the Carte-
sian components of the flow-velocity variances and co-
variances. For an extensive description of this model see
Ref. 16.

In order to complete this reconstruction, the thermal
ion temperature T, must be known. In this analysis we
approximate the thermal ion temperature as the mini-
mum apparent ion temperature measured in the experi-
ment. This limits the reconstruction to only be sensitive
to the anisotropic flow-velocity variances that are present
in the system.*?

The apparent ion temperature reconstruction has been
performed for shot 94660 and the velocity variances and
covariances have been determined. The standard de-
viation of the reconstructed velocity variances and co-
variances are shown in the Table I. We see that the
standard deviation of the velocities within the hot spot
were large (>100 km/s) on this shot. The magnitude
of these values is consistent with those found in highly

TABLE I. The standard deviation of the variances and covari-
ances of the hot-spot velocity inferred from the apparent ion
temperature reconstructed in km/s. Note that some of the
covariance terms are negative, and so require the inclusion of
the imaginary number i = v/—1.

Voie Vo VoI Voiy VoG Voi
120460 110480 150 £ 100 100i+50 80+£60 80i50
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FIG. 6. A sinusoidal projection of the OMEGA target cham-
ber coordinate system showing the uncertainty in the appar-
ent ion temperature reconstruction if an additional detector
is fielded along the H2 LOS.

perturbed radiation-hydrodynamic simulations.*3. The
principle eigenvector of the flow velocity covariance ma-
trix constructed using the values in Table I, is along the
direction (0, ¢) = (53°,135°), and represents the direc-
tion of maximum flow velocity variance. This direction
is consistent with the direction of the hot-spot velocity
reconstruction in the previous section.

To better understand the 3-D nature of the apparent
ion temperature reconstruction and to compare with the
the hot-spot velocity measurement, it is useful to calcu-
late the apparent ion temperature along all directions on
OMEGA using the reconstructed velocity variances (see
Fig. 4, which shows the apparent ion temperature recon-
struction along with the hot-spot velocity). We see that
there are regions of high apparent ion temperature that
indicate the directions of high velocity variances. We see
that the regions of high apparent ion temperature are
near parallel and antiparallel to the reconstructed hot-
spot velocity. The apparent ion temperature asymmetry
being aligned with the hot-spot velocity direction is con-
sistent with results from radiation-hydrodynamic simula-
tions when strong mode-one asymmetries are present.‘l’16

The uncertainty in the apparent ion temperature dis-
tribution reconstructions have been inferred from the
confidence intervals of the likelihood function. The un-
certainties in the flow-velocity variances and covariances
are between 50 and 100 km/s and are shown in Table I.
Note that there is a large uncertainty in the fluid veloc-
ity variances along the z direction. This is a result of
the fact that no DT apparent ion temperature detector
has yet to be fielded near the north or south pole of the
OMEGA target chamber. This leaves the component of
the fluid velocity variances along the z direction to be
the least constrained.

To guide visualization of the uncertainties in the ap-
parent ion temperature reconstructions, a Monte Carlo
study was performed where random realizations of the six



DT apparent ion temperature measurements were gener-
ated using the measured value of each detector and their
uncertainties. The apparent ion temperature reconstruc-
tion was performed for each of the synthetic data sets
and the predicted apparent ion temperature along each
direction on OMEGA was determined. To identify the
directions that have the largest uncertainties, the stan-
dard deviation of the predicted apparent ion temperature
along each direction was calculated and is shown in Fig.
5. The two antipodal lines of sight along which there
is the largest apparent ion temperature uncertainty have
been identified. These directions are (6,¢) = (32°,123°)
and (0,0) = (147°,303°) and have an apparent ion tem-
perature uncertainty of ~0.7 keV.

Fielding a neutron spectrometer near this direction will
reduce the uncertainty in the apparent ion temperature
reconstruction. The closest diagnostic port to this di-
rection along which an additional nTOF detector can be
fielded is the H2 port on OMEGA which located along
the direction (8,¢) = (37°,90°). To calculate the uncer-
tainties in the apparent ion temperature reconstruction
if a detector is placed at the H2 LOS, the same Monte
Carlo procedure was repeated, but now including a detec-
tor along the H2 LOS. The new detector was assumed to
have the average uncertainty of the current detectors on
OMEGA. The standard deviation of the reconstructed in-
ferred apparent ion temperature distribution along each
direction with the inclusion of this detector are shown
in Fig. 6. Including a detector along this direction is
found to reduce the maximum apparent ion temperature
uncertainty to <0.4 keV. A nTOF detector to be fielded
along the H2 line of sight is currently being designed and
will be included in future analysis.

C. Areal-density distribution

To reconstruct the areal-density distribution in a
given experiment, the inferred areal-density measure-
ments made using the two nTOF detectors and MRS
detector on OMEGA. There are several different models
that could be used in the areal-density reconstruction.
A natural model to use, given the spherical geometry of
these implosions, is a spherical harmonic decomposition
of the areal-density distribution. Such a model has been
developed?!' but requires at least four areal-density mea-
surements in order to resolve even the lowest of modes
(i.e., £ = 1). On OMEGA there are only three areal-
density measurements currently available. Therefore, to
accomplish an areal-density reconstruction with the cur-
rent detector systems, external information must be in-
cluded in the model to further constrain the system.

It has been shown in analytic models,** detailed
radiation-hydrodynamic simulations, and in experi-
ments on the NIF,*® that there are strong correlations
between the direction of the measured hot-spot velocity
and the areal-density asymmetry direction. In particular,
the direction of minimum areal density is expected to be

Polar angle (°)

Azimuthal angle (°)

l = [ T
40 60 80 100 120 140 160 180
PR (mg/cm?2)

FIG. 7. A sinusoidal projection of the OMEGA target cham-
ber coordinate system showing the reconstructed hot-spot ve-
locity (yellow star), measured areal densities (diamonds), and
areal-density reconstruction (blue color map) for shot 94660.

along the direction of the hot-spot velocity, while the di-
rection of maximum areal density is expected to be along
the direction opposite of the hot-spot velocity. Therefore,
a mode one areal-density reconstruction model is used on
OMEGA and is given by

M(@|d, 1) = pRo + ApR (4 - d)p, (8)

where & = (pRy, ApR); pRy is the 47 average areal den-
sity; ApR is the variation in the areal density; d and @
are the direction of the areal density detector direction
and the measured hot-spot velocity, respectively; and pu
is the average neutron-scattering cosine associated with
the region of the neutron energy spectrum from which
the areal density is inferred.

The use of the hot-spot velocity measurement allows
for the direction of the areal-density variation to be held
fixed, while the areal-density measurements from the
nTOF and MRS detectors are used to determine the mag-
nitude of the average areal density and the variation in
the areal density. Due to the constrains of this model,
only mode-one areal density asymmetries can be resolved.

The areal-density reconstruction has been performed
for shot 94660 and the average areal-density and areal
density variation was determined. From the reconstruc-
tion, the average 47 areal density was inferred to be pRy
= 11549 mg/cm?, while the variation in the areal density
was found to be ApR = 54412 mg/cm?. The uncertainty
in the areal-density reconstructions parameters pRy and
ApR have been inferred from the confidence intervals of
the likelihood function. The average areal density has an
uncertainty of 9 mg/cm?, while the variation in the areal-
density is 12 mg/cm?. The direction of the areal density
reconstruction is entirely determined by the uncertainty
in the hot-spot velocity reconstruction, which was found
to be an ~15° around the mean value.



Using the reconstruction values of pRy and ApR, the
areal-density distribution can be visualized by calculat-
ing the areal density predicted around the OMEGA co-
ordinate system. This areal-density reconstruction for
shot 94660 is shown in Fig. 7. The individual areal-
density measurements are shown as the diamonds with
the color of the diamond being related to the inferred
areal density. The location at which the diamonds are
shown is the location about which the areal-density mea-
surements are made accounting for the average scattering
cosine term. This means that the areal density inferred
from the nTOF detector, which are backscatter measure-
ments, are plotted along the direction opposite of their
line of sight, while the MRS detector, a forward-scatter
measurement, is plotted along the LOS of the detector.
From this reconstruction we can visualize the areal den-
sity asymmetry present in the implosion and compare
with other measurements. We see that the areal density
measurements are consistent with the mode-one asym-
metry observed in the hot spot velocity and apparent ion
temperature.

V. CONCLUSIONS

Here we have presented the neutron diagnostic suite
on OMEGA that is used to study 3-D asymmetries in
laser-direct-drive implosions on OMEGA. The primary
neutron energy spectral peaks are used to infer the fu-
sion yield, apparent ion temperature, and hot-spot veloc-
ity along each detector line of sight, while the scattered
neutron spectrum is used to infer the areal density in
different regions of the dense fuel region. Reconstruction
techniques were developed that take the individual line-
of-sight measurements and combine them to generate a
holistic view of the conditions of the hot spot and fuel
near peak compression.

These techniques were demonstrated using data from
an experiment with a large mode-one drive asymmetry
and the results were found to be consistent with the ex-
pectation from radiation-hydrodynamic simulations®!6
and experimental results on the NIF.4> Analysis of the
uncertainties in the apparent ion temperature reconstruc-
tion was discussed and was used to identify the optimal
line of sight to build an additional apparent ion temper-
ature detector, which when built, will reduce the error
in the apparent ion temperature reconstructions to <400
eV.

Future work will focus on extending these reconstruc-
tions by incorporating more measurements. In partic-
ular, recent theoretical work*? has demonstrated that
if the DD apparent ion temperature measurements are
included in the apparent ion temperature reconstruc-
tion, the thermal ion temperature can be inferred. Fur-
thermore, including the DD apparent ion temperature
measurements in these reconstructions enables the flow-
velocity variances along lines of sight with both DT
and DD measurements to be separated into an isotropic

and anisotropic component. Such a decomposition into
isotropic and anisotropic flow will be useful in identifying
asymmetries other than mode one.

Additionally, future work will generalize the areal-
density reconstruction so that the direction of the areal-
density asymmetry need not be assumed along the direc-
tion of the hot-spot velocity direction. This will require
the inclusion of more areal-density measurements. Addi-
tional areal-density measurements can be obtained from
measurements of the knock-on deuteron spectrum mea-
sured by the CPS detectors already fielded on OMEGA.
These detectors are fielded along unique lines of sight (see
Fig. 2) and would provide additional areal density mea-
surements. In order for these measurements to be made,
a more-advanced analysis of the knock-on deuteron spec-
trum must be developed that can be used at an areal
density >100 mg/cm?.
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