High-Resolution Spectroscopy Used to Measure Inertial
Confinement Fusion Neutron Spectra on OMEGA

Introduction

Nuclear diagnostics are essential to interpreting the condition of
the DT fuel during compression in inertial confinement fusion
(ICF) experiments.! Measurable parameters that determine the
performance of ICF implosions include the ion temperature
(T3), areal density (pR), and the primary DT neutron yield (Y,)
(Ref. 2). To achieve thermonuclear ignition, the alpha-particle
heating must exceed the energy losses from the hot spot.>
The DT fuel in the hot spot must have an areal density high
enough to stop the alpha particles leaving the hot spot (typi-
cally >300 mg/cm?2), which boosts the core temperature into
the ignition regime.*

A number of scaling laws have been developed where mea-
surable parameters represent the progress toward fuel condi-
tions necessary for ignition. The simplest of these laws depends
on the T; and pR described by the 1-D parameter

T. 1.8
X1.p~pR"® g/cm2<ﬁ kev> , )
where ¥ > 1 defines the ignition threshold.> A similar scaling
law called ITFX, used on the National Ignition Facility (NIF),
gives the probability of ignition as a function of experimen-
tal observables.o”

A first approach to infer the areal density from cryogenic DT
implosions was to measure the knock-on deuterons and tritons
in the colder, dense shell, elastically scattered from the primary
neutrons produced in the fusion reaction.®-? This technique has
an increased uncertainty when the areal density approaches
~200 mg/cm? (Ref. 10). Advances in cryogenic implosions,
such as using low-adiabat pulses and highly symmetric laser
irradiation, have increased the areal density. The higher pR
results in a “leveling off” in the amount of knock-ons that
leave the colder, dense shell as a result of the energy loss of
the charged particles. An alternative method to infer the areal
density in DT cryogenic implosions uses the primary neutrons
that elastically scatter off the deuterons and tritons in the dense
shell surrounding the hot spot.!
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The magnetic recoil spectrometer (MRS) was one of the first
methods to infer an areal density of >200 mg/cm? by measuring
the forward-scattered neutron spectrum between 10 to 12 MeV
(Ref. 11). This measurement is achieved by placing a plastic
foil, either CH or CD, as close as possible to the DT implosion
target. The neutrons from the reaction produce recoil protons
(or deuterons) that are projected through a focusing magnet.
The magnetic field deflects the recoiled protons (deuterons) onto
an array of detectors according to their energy. This diagnostic
has been successful for areal-density measurements on both
OMEGA and the NIF.!?

Neutron time-of-flight (n'TOF) techniques have also been
used to measure the areal density on the NIF using the elastically
scattered neutron spectrum between 10 and 12 MeV (Ref. 13).
These nTOF detectors use a liquid scintillation fluid with special
properties to mitigate the long light-afterglow component.!#
Two identical detectors for two separate lines of sight have been
calibrated on the OMEGA Laser System before installation on
the NIF. The nTOF diagnostics have been successful in measur-
ing the areal density on a large number of NIF cryogenic DT
implosions and the results compare favorably with the MRS.

This article reports on a novel nTOF detector that was used
for the first time to measure high-resolution, elastically scat-
tered neutron spectra in the 1- to 6-MeV region on cryogenic DT
implosions. A well-collimated, 13.4-m line of sight, designed
with the aid of the Monte Carlo neutron transport code, and an
nTOF detector with low-afterglow liquid scintillator compound
were crucial to achieving a high-enough signal to background
in the neutron spectrum at these energies. This new diagnostic
is able to measure the areal density in the region from 50 to
250 mg/cm?—typical values achieved in recent experiments
where re-scattering of the scattered neutrons was negli-
gible. Future experiments will result in higher areal densities
(<1 g/em?). Less than 1% of the backscattered neutrons are
being re-scattered even at these high areal densities, which will
not reduce the accuracy of the areal-density measurements with
this diagnostic. Multiple scattering becomes relevant only with
areal densities well above 1 g/cm?. Furthermore, simultane-
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ous areal-density measurements from the MRS and the nTOF,
which view the target from different directions, will allow for
the study of asymmetric implosions on OMEGA.

The ICF neutron energy spectrum of cryogenic DT implo-
sions and the method used to infer the areal density from the
elastically scattered neutrons will be described in the next
section. The remaining sections will (1) describe the nTOF
diagnostic design along with an improved shielded environment
with a collimated line of sight that will minimize unwanted
neutron scattering; (2) discuss the detector calibration method
and the approach used to infer the areal density; and (3) present
a summary and a short outlook on future work.

Inferring pR from the ICF Neutron Energy Spectrum
The primary DT neutrons are generated from the fu-
sion reaction®

D+T— He*(3.53 MeV) +n(14.06 MeV). )

A small fraction of the primary DT neutrons elastically scatter
off the dense shell consisting of deuterons and tritons:

n+D—n'(1.56 —14.06 MeV) + D'(<12.50 MeV),
n+T—n'(3.53-14.06 MeV) + T'(<10.53 MeV).

Specifically, the number of down-scattered neutrons is given by

o (R
Yy =Yy () [~ [ (ang+oyn)drde, @)

where Y, (r) is the quantity of 14.06-MeV neutrons at the radius
r, 04 and o are the total elastic cross sections for the (n,d) and
(n,t) interactions, with n4 and n, the fuel ion density distribu-
tions. A simple derivation relates the areal density { pR) to the
down-scattered neutrons’ fraction®

I T 2
<pR> =5 (Gd N Gt) Y, mg/cm”, ®)

where /m,, is the mass of the proton and 64 and o are the cross
sections for neutron scattering off deuterium and tritium,
respectively. The areal density is proportional to total down-
scattered neutron fraction Y, over the DT primary neutron
yield Y,. For average areal densities of <0.3 g/cm?, typical
for experiments on OMEGA, the primary neutrons typically
experience no more than a single scatter event while leaving the

compressed shell; double scattering is negligible. The kinematic
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end point of these neutrons scattered from the dense DT shell
is 3.53 MeV and 1.56 MeV, for scattering off the triton and
deuteron, respectively, as calculated from!>

cos 6, 6)

where E - is the energy of the neutron after scattering, A is
the atomic mass of the target nuclei (i.e., D to T), and 6 is the
recoil angle of the nucleus in the lab frame. The kinematic edge
is defined by the value of E, for 6 = 0, or the point at which
maximum energy transfer occurs.

An example of the calculated neutron spectrum for a cryo-
genic DT implosion with an areal density of 220 mg/cm? and
aT; of 2.4 keV is shown in Fig. 131.23.
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Figure 131.23

The neutron spectrum of a cryogenic DT implosion is generated from 1-D
LILAC hydrodynamic simulations using the Monte Carlo postprocessor /RIS.
This spectrum includes the primary DT peak (purple), DD peak (red), and
TT neutron feature (green). A fraction (black) of the primary DT neutrons
elastically scatter off the dense DT shell. The deuteron breakup reaction (light
blue) becomes relevant below 2 MeV. These individual reactions result in the
total neutron energy spectrum (orange).

This spectrum was generated using 1-D LILAC simulations
and post-processed in IRIS.!® The largest contribution to the
neutron spectrum comes from the primary D-T fusion reaction
at 14.06 MeV. A second primary peak is the D—D fusion reac-
tion at 2.45 MeV followed by the T-T fusion reaction, which is
assumed isotropic, and shows a broad energy distribution with
arange from O to 9.8 MeV (Ref. 17). The elastically scattered
neutrons span the entire energy spectrum from 1 to 14.06 MeV.
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The deuteron breakup, D(n,2n)p reaction, becomes important
below 2 MeV.

The nD and nT elastic cross sections have been measured
recently with high accuracy on OMEGA using DT-filled, thin-
glass targets.'® For DT cryogenic implosions, the backscattered
neutrons probe the fuel assembly in the 1- to 6-MeV region
(150° to 180°).

Setup of the Neutron Time-of-Flight Detector

A time-of-flight spectrum (Fig. 131.24) for a detector at
13.4 m from the target was generated from the neutron energy
distribution discussed in the previous section.
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Figure 131.24

A neutron time-of-flight spectrum generated for cryogenic DT implosions on
OMEGA with a detector positioned 13.4 m from target chamber center. The
primary DT peak (purple), primary DD peak (red), and TT spectrum (green)
are generated by fusion reactions. The elastically scattered primary neutrons
(black) extend ~105 down from the primary DT peak. Below 2 MeV (~700 ns)
the deuteron breakup (blue) inelastic reaction becomes relevant. The total neu-
tron spectrum (orange) is the combination of these individual contributions.

The time-of-flight spectrum in Fig. 131.24 illustrate a
number of difficulties when trying to measure neutrons over
a dynamic range of 10° while maintaining sensitivity in the
instrument. One issue is the dominant DT peak that accounts
for more than 90% of the neutron energy deposited in the detec-
tor. Such a large impulse will saturate the photomultiplier tube
(PMT) and produce a long light-afterglow component in the
scintillator.!3 The lower-energy neutrons in the detector are
masked by the afterglow component from the primary peak
that is still present from the scintillation process. Another
consideration for high-yield DT implosions is the neutron scat-
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tering from the target chamber walls and surrounding concrete
structures. Three crucial innovations were needed to achieve
high-resolution measurements of the neutron energy spectrum.

A gated PMT was used to exclude the primary DT peak from
the time-of-flight signal, similar to the detector setup used for
fast-ignitor experiments.!3 The microchannel plate (MCP) PMT
is gated by applying a positive voltage to the photocathode. The
photoelectrons are attracted back toward the photocathode and
will not reach the MCP.!° Once the primary peak has passed,
the bias returns to normal and the PMT generates a signal.

Even with the DT peak gated out of the detector, remnants of
the scintillation light from the primary DT signal are still evi-
dent. To mitigate the long light-afterglow component, advanced
scintillating compounds were developed. Oxygenated xylene
has been used to reduce the long light-afterglow component by
a factor of 10° approximately 100 ns after the primary peak.!*

These modifications led to the construction of a second-
generation time-of-flight diagnostic. A computer-aided drawing
(CAD) (shown in Fig. 131.25) illustrates the components of the
nTOF detector’s final design. A significant modification from the
first-generation n'TOF detector used for the fast-ignitor campaign
is a stainless-steel housing lined with gold. The liner is intended
to eliminate any possible reaction from the oxygenated xylene
that would alter the sensitivity of the detector. The cavity for the
nTOF detector is 15 cm in diameter and 5 cm deep. Scintillation

Scintillator volume
filled with xylene

Stainless-steel housing

Photek
PMT 240

Fused-silica
windows

<~Expansion

E21027JR bellows

Figure 131.25

A computer-aided design (CAD) of the nTOF detector shows a cavity for the
scintillation fluid, the fused-silica windows, and the photomultiplier tube
(PMT) mounts. The detector is mounted to the ceiling underneath the Target
Bay in a shielded environment to minimize unwanted neutron scattering
similar to the setup used in the fast-ignitor experiment.
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light from the incident neutrons is viewed through fused-silica
windows where the light is coupled to two 40-mm-diam PMT’s.

The instrument must be positioned close enough to target
chamber center to achieve high neutron statistics but far enough
away to interpret the individual components of the energy spec-
trum. On OMEGA, the maximum distance available for time-
of-flight experiments is 13.4 m from the target chamber center.
The final necessary modification was to improve the collimation
along the line of sight. A Monte Carlo code (MCNP)2 is used
to model the relevant structures in the OMEGA Target Bay
and the area underneath the Target Bay. MCNP, developed by
the Los Alamos Monte Carlo Group, is used extensively in the
nuclear community. This code was cross checked with Geant4
to ensure that the neutron cross sections were in agreement.?!
The simulations showed that the signal to background can be
improved by the introduction of a mid-beam collimator. A dia-
gram of the current n'TOF detector and mid-beam collimator is
shown in Fig. 131.26. The mid-beam collimator has a 60-cm-sq
cross section and is ~70 cm in length. It is constructed from
high-density polyethylene with a density of ~0.95 g/cm?. It is
mounted on a stand located in the OMEGA Target Bay with
semi-permanent mounts. Comparison of data from experiments
with and without the mid-beam collimator shows an increase in
signal to background by a factor of 2, as shown in Fig. 131.27.

It was determined that a part of the large background was
a result of the primary DT neutrons scattering off the target
chamber walls. The mid-beam collimator reduced the field of
view as seen by the nTOF from the target chamber to provide
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Figure 131.26

A schematic of the target chamber shows the concrete shielding, the nTOF
detector’s clear line of sight, and the mid-beam collimator. It was determined
that the primary DT neutrons scatter off the target chamber walls and produce
a large background signal in the nTOF.
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Figure 131.27

Simulations identify the large background resulting from the primary DT
neutrons scattering from the target chamber. The models in MCNP included
a simulation with (red) and without (blue) a mid-beam collimator. These
results were then compared with experimental results (black symbols). The
signal to background was in good agreement between simulations and data.

an improved signal to background used to measure the DD and
backscattered neutron spectra. A second collimator has been
considered for placement inside the target chamber to further
reduce neutron scattering from the structures (diagnostics) sur-
rounding the cryogenic target. This will be modeled in MCNP
to simulate the effects of this additional collimation needed to
further improve the signal to background.

The signals from the PMT’s are recorded by a 1-GHz Tek-
tronix DPO-7104 digital oscilloscope. Measurements from
recent cryogenic DT experiments are shown in Fig. 131.28.
The combination of a gated PMT, an advanced scintillation
fluid, and the mid-beam collimator in the clear line of sight
made it possible to measure a high-resolution neutron spectrum
with good signal to background. The DT peak at ~260 ns is
suppressed by the gate. A check of the influence of the gating
of PMT’s on the nTOF signal was performed by adjusting the
timing offset of the gate signals on two nominally identical
PMT’s. The time-of-flight spectrum indicates that after 50 ns
the PMT’s are fully recovered.

PR Measurements Using BackScattered Neutron Yields
The nTOF detector must be calibrated before each use on
cryogenic DT campaigns since there is evidence that the scintil-
lating fluid exhibits a depletion of oxygen. A loss of oxygen in
the xylene affects the sensitivity of the light-emission process
and results in an increased long light-afterglow component.
This combination of enhanced sensitivity and longer light decay

LLE Review, Volume 131



Energy (MeV)

14 8 5 35 25 1.5
08 I T L T T T T T
Scope A (65300)
——=Scope B (65300)
0.6 - .
= & <—DD peak
= o4l Gate " \ i
gn : off | "i
& ™A
0.2+ DT ,' _
peak |
Vo
0.0 ! ! ! 1 ]

200 300 400 500 600 700 800 90

Time (ns)
E21030JR

Figure 131.28

To suppress the DT neutron peak, a timing gate is applied to the PMT. The
gate recovery has been measured using two PMT 240’s, where the time was
purposefully offset: PMT A (blue) and PMT B (red). It is clear both PMT’s
are recovered within 50 ns after the gating is switched off.

will impact the accuracy of the neutron-yield measurement.
For this calibration, two D,-filled targets were imploded with
yields that differ by a factor of ~10 to check the linearity of
the nTOF detector. A separate detector located in the Target
Bay accurately measures the primary neutron yield. Over a
six-month period the detector calibration factor changed by
~20%. At this time, it is unclear what causes the xylene to lose
the oxygen pressure inside the detector volume.

Recent cryogenic DT implosions have produced neutron
yields approaching 1 x 10'3 using improved target-positioning
procedures and optimized laser pulse shapes on OMEGA.22
To extract quantitative information from the nTOF signal,
the observed spectra are fitted using two of the theoretical
components outlined in Fig. 131.24. The first component is
the TT spectrum, which is well approximated by a decaying
exponential A exp (—#/7) at energies below 6 MeV. The contribu-
tion of the TT primary reaction is dependent on the reactivity
rate and increases as a function of T?. For this analysis, the
overall shape of the spectrum is assumed to be fixed, while
the amplitude is scaled from the 1-D simulations where an ion
temperature of 2.4 keV was used.

The second component is the down-scattered spectrum that
includes both the nT and nD contributions. Since tritium has a
half-life of 12.3 years, the fuel D:T ratio changes by ~5% per
year. Therefore, it is required to change the nT and nD contri-
butions according to the changing deuterium/tritium fraction
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in the DT fuel. This scattered neutron contribution is used to
infer the areal density in the nTOF detector. The nT kinematic
edge is clearly visible and provides a well-defined region for an
accurate fit. An additional background is used to account for
the remaining neutron scattering from surrounding structures
and remnants of scintillator light decay. The background was
found to be quite stable over a number of shots spanning sev-
eral months. The shape of the background is assumed to be a
constant exponential decay, where the amplitude is scaled with
the primary DT neutron yield.

This method provides a very good fit to the n”TOF spectrum
using 1-D simulations as a basis. A number of measurement
uncertainties must be considered to obtain an estimate on
the accuracy of this analysis. The primary DT neutron yield,
needed to adjust the background component, is measured to an
accuracy of 5% (Ref. 23). The light output from the scintillator
is assumed to be proportional to the energy of the incident neu-
trons. Given the finite thickness of the scintillator, up to 50% of
the incident neutrons pass through the scintillator without any
interaction. Since the interaction cross section of neutrons with
the scintillator material is a function of the neutron energy, a
small correction for the changing interaction probability must
be applied to obtain a more-accurate description of the light
output. Preliminary simulations of this effect using MCNP with
the current xylene nTOF detector indicate that the proportional-
ity assumption introduces an error of ~5%. The best fit to nTOF
data is obtained by performing minimization of the error sum
to optimize the TT and down-scattered components. The error
associated with this method is approximately 2% according
to a 2 analysis. The high accuracy of this fit is due in part
to the large number of neutrons measured by the detector in
this region. Below 6 MeV, the nTOF detectors measure above
1 x 107 elastically scattered neutrons (typical on OMEGA
cryogenic DT implosions), which introduces a statistical error
of ~2%. Errors in the nD and nT elastic scattering cross sec-
tions also affect these areal-density measurements. Recent
measurements improved the accuracy of the differential nD
and nT cross sections, especially at a scattering angle of 180°,
to ~10% (Ref. 18). Adding these errors in quadrature gives an
estimated total error of ~15%.

However, a number of other error sources have not yet been
quantified. The shape of the TT neutron spectrum is not yet well
known, which introduces some uncertainty in the fit compo-
nent. A third theoretical component of the neutron energy spec-
trum, not included in the fit, is the deuteron breakup reaction
D(,2n)p. This nuclear component will affect the fit primarily
in the region below 2 MeV (~700 ns) as seen in Fig. 131.29.
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Figure 131.29

Recent nTOF neutron spectra from a DT cryogenic implosion (blue). The
DD peak is excluded in this analysis (black). The TT spectrum (green) and
the down-scattered component, a combination of the nT and nD spectra (red)
are fitted to the experimental data. An additional background component is
used that includes any remaining scintillator light decay and neutron scatter-
ing (dotted black line). The solid red line illustrates the best fit to this data.

The scattered neutron nTOF diagnostic measured the areal
density on a number of recent cryogenic DT implosions on
OMEGA. Table 131.V compares the MRS and nTOF data. The
comparison between the MRS and nTOF measurements shows

Table 131.V: Predicted pR obtained from 1-D simulations compared
with experimental results from MRS and nTOF. The
values from the MRS and nTOF show good agreement.
The large pR difference between nTOF and MRS seen
in shots 65578 and 65889 is most likely a result of a
target position offset and a misfire on a single beam.

1-D prediction MRS nTOF
Shot number (mg/cmz) (mg/cmz) (mg/cmz)
64668 215 163+33 160+32
64669 235 216+30 200140
65300 210 162+20 160+32
65576 208 155+17 150+30
65578 215 153+15 100£20
65883 190 182420 160+32
65884 220 126+25 120124
65887 223 158+21 130£26
65889 216 197£15 140+28
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good agreement except for some discrepancies in shots 65578
and 65889. The disagreement in the areal density is most likely
aresult of the target offset and the misfire of a single laser beam
causing significant pR asymmetry. These asymmetries are
possible because the MRS and nTOF probe different regions
of the shell’s areal density.

Summary

High-resolution neutron time-of-flight spectroscopy has
been developed at LLE to measure the areal density of OMEGA
cryogenic DT implosions. The time-of-flight spectrum of the
elastically scattered neutrons is fitted with theoretical spectral
components from well-known nuclear processes to infer the
areal density. Increased shielding and collimation have sig-
nificantly reduced the background in nTOF detectors. Initial
results indicate the neutron diagnostics (nTOF’s) perform very
well and have good agreement with the MRS.

A number of improvements are planned for the scattered
neutron nTOF system: A new liquid scintillator nTOF detector
housing has been designed with a larger scintillator volume
and dual PMT’s mounted closer to the scintillation fluid than
the current design. An additional collimator installed inside
the target chamber is under consideration to further reduce
the neutron scattering from inside the target chamber. This
will be modeled in MCNP to see how much improvement the
additional collimation will provide in the signal to background.
The increased scintillator volume and better collimation will
potentially allow for higher forward- and backscattered neutron
statistics with one detector in a single line of sight. For these
measurements one of the two PMT’s shown in Fig. 131.25 will
be replaced with a less-sensitive PMT-140. This PMT-140 will
be used to measure the forward-scattered neutrons close to the
primary peak. The remaining PMT-240 will measure the lower-
energy backscattered neutron spectrum. Additionally, a joint
effort between LLNL and LLE is underway to qualify bibenzyl
for use in an nTOF detector. Bibenzyl is a new organic scintil-
lator material that shows significantly reduced light-afterglow
decay components. Finally, implosion experiments are planned
with pure tritium fill to improve the accuracy of the TT fusion
neutron energy spectrum.
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