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Neutron time-of-flight diagnostics at the NIF were recently outfitted with Cherenkov detectors. A fused
silica radiator delivers sub-nanosecond response time and is optically coupled to a microchannel plate
photomultiplier tube with gain from ~1 to 10*. Capitalizing on fast time response and gamma-ray
sensitivity, these systems can provide better than 30 ps precision for measuring first moments of
neutron distributions. Generation of ab initio instrument response functions (IRFs) is critical to meet
the <1% uncertainty needed. A combination of Monte Carlo modeling, benchtop characterization,
and in situ comparison is employed. Close agreement is shown between the modeled IRFs and in situ
measurements using the NIF’s short-pulse advanced radiographic capability beams. First and second
moments of neutron spectra calculated using ab initio IRFs agree well with established scintillator
measurements. Next-step designs offer increased sensitivity and time-response. Published by AIP

Publishing. https://doi.org/10.1063/1.5039399

l. INTRODUCTION

In inertial confinement fusion (ICF), a capsule filled with
deuterium and tritium fuel is compressed to conditions at
which thermonuclear fusion occurs. Fusion-burn parameters
can be derived by analyzing the energy spectrum of neu-
trons produced during these reactions. Specifically, at the
National Ignition Facility (NIF), neutron time-of-flight (nToF)
spectrometers measure the Oth moment (yield), 1st moment
(hot-spot velocity), and 2nd moment (mean kinetic energy) of
the neutron energy spectrum.' This has traditionally been
accomplished by recording neutron arrival times along multi-
ple lines of sight (LoS) using a scintillator crystal and fast opti-
cal detectors.* This time-of-flight technique naturally relies on
very accurate knowledge of the travel time and distance from
the neutron source [Fig. 1(a)].

The need for more precise implosion characteristics has
increased the requisite precision in the measured nToF spec-
tra. Typical hot-spot flow velocities (vgow) in NIF implosions
are <100 km/s and must be distinguished from background
isotropic neutron velocities; for 14.028 MeV neutrons pro-
duced from deuterium-tritium fusion (npr), this implies a
measurement of vow/Viso ~ 0.1%. Desired uncertainties are
10-100 times smaller still. For a measurement location 20 m
from the source, this translates to a temporal precision in the
ToF spectrum of <30 ps. Two critical aspects of achieving
this precision are a very narrow instrument impulse response
function (IRF) and knowing that IRF to a high degree of
accuracy.

A new measurement technique using Cherenkov radi-
ation generated by (n, n’y) reactions in fused silica

Note: Paper published as part of the Proceedings of the 22nd Topical Confer-

ence on High-Temperature Plasma Diagnostics, San Diego, California, April

2018.
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followed by Compton scatters and pair production shows
promise to meet these demands. Prototype diagnostics have
been fielded at the NIF? and OMEGA.® The induced nuclear
excitations and subsequent Cherenkov radiation are much
shorter than measured scintillator decay times (~ns).” This
is illustrated in Fig. 1(b) which shows a typical npr time-
of-flight spectrum (black), with IRFs for NIF nToF scin-
tillator (blue) and Cherenkov (red) detectors overlaid for
reference.

The Cherenkov process has been extensively modeled
by the high-energy particle physics community® using Monte
Carlo codes such as Geant4.’ The ready availability of these
comprehensive modeling tools, coupled with the technique’s
inherent speed of detection, provides the foundation for
developing this new class of nToF detectors.

This article details modeling during diagnostic develop-
ment and the calculation of total IRFs. Section II discusses
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FIG. 1. (a) Typical nToF spectrum with timing fiducial (y signal for

Cherenkov detectors) and npt peak and (b) comparison of typical npr signal
with Cherenkov and scintillator IRFs.
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parametric scans of the model to optimize the diagnostic.
The final IRF, a convolution of Geant4, detector and cable
responses, is detailed. Section III then compares this total IRF
to data using the NIF’s short-pulse laser capability. Section IV
quantifies benefits of using co-timed pairs of y- and neutron-
IRFs to derive plasma quantities such as vgoy. Section V
previews future improvements and refinements.

Il. ABINITIO INSTRUMENT RESPONSE MODEL

The first n'ToF Cherenkov prototype was fielded at the NIF
by Sayre et al.'” in October 2016 to evaluate in- and out-of-
beam sensitivity. An improved design has now been deployed
to four locations around the NIF target chamber (Fig. 2). In the
illustrated model, a collimated particle beam (green) is incident
on a fused silica (SiO,) rod orthogonal to the beam direction.
Gamma rays created during a NIF implosion induce Compton
scattered electrons, as well as electron-positron pairs, in the
material. A significant fraction of the resulting charged lep-
tons are traveling faster than the local phase velocity of light.
The rod responds by emitting photons via Cherenkov radia-
tion, at a cone-angle dependent on the particle’s velocity. A
portion of these photons are totally internally reflected (inset,
TIR) down the rod to a detector placed at one end. At the NIF,
~350 ns (~20 m travel distance) after implosion-ys arrive,
14 MeV neutrons are incident and undergo (n, n’y) reactions
within the radiator. After gamma production, the process con-
tinues as above. As discussed in Sec. I'V, this additional process
results in very slight but important time differences that need
to be accounted for when constructing y-ray and neutron IRFs.

A. Geant4 modeling

The nuclear reactions, charged particle production, and
total internal reflections have been modeled using the Geant4
simulation package. This package includes built-in physics for
nuclear processes and interactions, as well as optical processes
needed for the Cherenkov-generated photons.

Fused Silica Rod  MCP-PMT

S

Incident
particles

Example interaction

FIG. 2. Geant4 model geometry. Energetic particles impinge on a fused silica
rod coupled to an MCP-PMT. Inset: interactions produce a gamma and/or
electron, and subsequent Cherenkov radiation. Some of this visible light (blue)
undergoes total internal reflection (TIR) down the rod to the sensitive MCP-
PMT detector.
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The constructed model shown in Fig. 2 replicates
hardware fielded on the NIF. The rod is 250 mm long with
a hexagonal cross section measuring 8 mm flat-to-flat. The
particle source is defined to mimic that from a typical NIF,
DT-fueled implosion. Gammas and neutrons in a collimated
beam are incident on the radiator at normal or near-normal
angles. The NIF Cherenkov nToF diagnostics are exposed to an
approximately 80 mm diameter beam, centered 175 mm from
the detector-end of the rod; these conditions were replicated
in the model.

Geant4 was then employed to optimize the IRF given
its dependencies on various system parameters. Initial stud-
ies focused on 14.028 MeV neutrons and ~4 MeV gam-
mas. These energies are representative, respectively, of
unscattered DT-neutrons and the 4.4 MeV gamma popula-
tion from '>C(n, n’vy) interactions in a NIF target’s carbon
ablator.!!

Design goals were to maximize sensitivity and minimize
the impact of the temporal response, particularly in regard to
the second moment of the IRF. Nearly every aspect of the radi-
ator and source was varied. Initially, broad parametric scans
provided insight into how the IRF changed as a function of a
given parameter. More focused, fine-tuned manipulations were
then used to optimize detector response.

A summary of results is shown in Table I and Fig. 3. Radi-
ator length, cross-sectional shape, reflectivity, and material
composition were varied. The radiator’s insertion depth into
the beam was increased from source width to the total length
of the rod. Source energy was scanned up to 20 MeV to eval-
uate energy-sensitivity of the diagnostic. The angle between
the rod and the source was scanned from 0° to 20°.

The IRF’s temporal width is primarily governed by trans-
mittance of optical Cherenkov radiation down the length of the
rod. As such, the IRF amplitude and width depend on the radi-
ator’s length, cross-sectional shape, and reflectivity. Example
IRFs from radiators with hexagonal and rectangular cross sec-
tions, at two different lengths, are shown in Fig. 3(a). As the
cross-sectional shape changes, the IRF tail also varies slightly
[Fig. 3(a), blue-to-red or purple-to-green]. Figure 3(b) shows
the IRF evolution as a hexagonal rod is lengthened in 10 mm
increments. Here the IRF’s first moment was subtracted for
the ease of comparison.

A practical concern arises due to light reflected from the
end of the radiator opposite the detector, illustrated in Fig. 3(c).
The path length difference for light emitted toward the detec-
tor versus away, and hence reflecting off the free end, causes
a temporal “post-pedestal” in the IRF, shown in Fig. 3(d). In
theory, this could be eliminated by lengthening the rod to sep-
arate the reflection in time although requisite separation for
10-100 ns duration nToF signals would lead to undesirably
long geometries.

Source characteristics were also varied, and the resultant
effects on the IRF were evaluated. As the source incidence
along the rod moved away from the detector, the IRF width
increased. Also, as the width of the source beam increased,
the IRF width increased. This is particularly relevant for
OMEGA nToF systems which are exposed to an uncollimated
source and so have effective source widths equal to the rod
length.
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TABLE 1. Parametric scans conducted in Geant4.

Rev. Sci. Instrum. 89, 101136 (2018)

Parameter Range Effect
Radiator Overall length 100-250 mm Length o« IRF width
Cross section Hexagon; rectangle Narrower IRF w/Hex
Reflectivity None; SiO; refl. Reduce “post-pedestal”
Material (density) Si0O,; CaF;; aerogel Energy sensitivity tuning
Source Displ. along rod 0-200 mm «IRF width
Width along rod 60-90 mm, 250 mm Width « IRF width
Incidence angle 0°-20° to surface norm. Weak energy cutoff

The angle between the source and the rod was also varied.
Since the Cherenkov radiation cone angle is inversely pro-
portional to particle velocity, in theory one might construct
a system in which the critical angle for TIR down the tube
is matched to a particular particle energy. In practice, how-
ever, the additional angular dependence of the (n, n’y) and
subsequent Compton scattering (y, €~) processes blur out any
energy-dependent, TIR-angle constraint. This was borne out
by Geant4 simulations in which a series of source incidence
angles was stepped through for varying incident particle ener-
gies. For 6 MeV gammarays incident at angles from 80° to 90°,
total detected photons varied by ~25%. At an incidence angle
of 86° and gamma energies from 5 to 7 MeV, the collected
signal varied by ~11%.

The final system design was guided by keeping the rod
as short as possible while ensuring that the detector was well
outside the collimated beam diameter. A hexagonal cross sec-
tion was chosen to minimize the temporal duration and for the
ease of availability. The 8 mm flat-to-flat thickness was cho-
sen for its close match to the 10 mm diameter phototubes used
for photon detection. The free-end of the rod was optically
blackened to minimize reflections.

The IRFs for deployed Cherenkov radiators are shown in
Fig. 4. Note that for NIF nToF diagnostics at ~20 m from the
target the gamma and neutron signals are recorded ~350 ns
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FIG. 3. Geant4 enables parametric scans of physical parameters and subse-
quent IRF calculations. (a) Sample IRFs for hexagonal and rectangular rods of
two lengths; (b) scan of hexagonal rod length; (c) illustration of the reflection
source; (d) effect of reflection on IRF.

apart due to time-of-flight differences. Here, the responses to
14.028 MeV neutrons and 4.4 MeV gammas are co-timed by
setting t = 0 to the time at which a particle first contacts the
Cherenkov radiator. A slight difference can be seen in the two
responses due to differing processes and transit times leading
up to Cherenkov radiation from vy rays versus neutrons. This
leads to a difference in the first moment and square root of
the second central moment of 36 ps and 6 ps, respectively.
Furthermore, clocking of the hexagonal cross section relative
to the target is important. If a flat surface faces the target, this
difference in first moment becomes 26 ps. It will be shown
below that these shifts in the first moment are significant for
calculating correct flow velocities measured with a ToF system
at ~20 m from the source.

B. Total instrument response function

To correctly model the total IRF, system components in
addition to the Cherenkov radiator must be considered. For the
NIF nToF diagnostic, this entailed characterizing the responses
of the optical detector ' and installation-specific cable lengths.

Cherenkov-based nToF systems have been fielded with
several types of detectors, including microchannel plate photo-
multiplier tubes (MCP-PMT) and vacuum photodiodes (PD).
Photek PMT140, PMT110, and PD040 detectors are in use
at NIF, and a Hamamatsu R5916U-52 has been deployed to
OMEGA.° IRFs for these detectors have been extensively
characterized under various levels of illumination and applied
bias voltage. Changes in the first and second moments are
detailed in the work of Gordon et al'> for a PMT110.
A measured PMT IRF for illumination and bias levels typical
of those found during NIF operations is shown in Fig. 5(b).

e gammas
e neutrons

rrnnl

A(moments):
1t=36.1ps -
V2nd =6 ps

Counts (AU)

O'OOE) 5 1 O‘ 1 ‘5‘ |
' ’ Time (ns)

FIG. 4. Geant4 models for the IRF from a Cherenkov radiator, for incident
14.028 MeV neutrons and 4.4 MeV gammas.
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FIG. 5. Progression of convolutions to obtain a complete IRF and the effect
of each component.

The final component used to construct a total IRF is an
impulse response model for the cabling between the detector
and the recording device. At NIF, an LMR600 cable of varying
lengths is used and a model has been adapted from previ-
ous work.!? For reference, the recording devices are typically
50 Q coupled Tektronix TDO7104 oscilloscopes, sampling at
20 GS/s.

Graphical depictions of each component and the total IRF
are shown in Fig. 5. The Geant4 response function is convolved
with the measured PMT response and modeled cable response.
Figure 5(d) depicts this progression of convolutions and the
effect on the system IRF.

lll. COMPARISON OF MODEL AND MEASURED IRF

The total constructed vy IRF is compared to a measured
response in Fig. 6. The NIF’s Advanced Radiographic Capa-
bility (ARC) system'* has been used to generate terawatt
1053.5 nm laser pulses incident on gold foil targets; pulses
were 10 ps, 240 TW for shot N170517-003 and 30 ps, 66 TW
for N171113-001. High-energy photons emitted during this
interaction are then incident on the fused silica Cherenkov
detectors. For the data shown, photons are detected with a
Photek PMT 110 coupled to a 32 m long LMR600 cable.

While there is general agreement between the model and
in situ measurement, two areas are notably different: (i) a
clear precursor to the main peak is seen in the measured
response (t < 0 ns) and (ii) an undershoot in the tail of the
modeled IRF.

The first difference is attributed to the deployment of the
NIF Cherenkov detectors behind pre-existing nToF scintilla-
tors, in order to minimize unintended perturbations to those
calibrated systems. Unfortunately, this location resulted in
v scatter from the scintillator at angles directed toward the

Rev. Sci. Instrum. 89, 101136 (2018)
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FIG. 6. Comparison of modeled and measured gamma IRFs. (a) Log-linear
plot of two shots and matching models and [(b) and (c)] linear plot for each
shot and model.

detector which generated the Cherenkov signal earlier than
the collimated beam, centered 150 mm from the detector-
end of the rod. This background effect is also present for
incident neutrons, which undergo (n, n’y) scattering in the
bibenzyl. In this case, the precursor has a larger temporal
separation from the main signal due to the time-of-flight differ-
ence between the secondary gammas and primary <14 MeV
neutrons. This background has been modeled in Geant4 (sep-
arately from the IRF), and its effect on moments of the
neutron distribution has been characterized in the work of
Hartouni et al.'?

The second region of disagreement is evident in the tail
of the modeled and measured IRFs. For 1.4 ns 2t Z 2.3 ns,
the modeled IRF undershoots the measured IRF. During sim-
ulations this post-pedestal was evident when the end of the
rod opposite the PMT was assigned a nonzero reflectivity. As
shown in Figs. 6(b) and 6(c), this effect was less evident in
the first in situ measurement than in the second. During the
interval between these measurements the Cherenkov detector
was upgraded with a new MCP-PMT and radiator, and it is
likely the free end of the new fused silica rod was not black-
ened as thoroughly as the initial deployment. This effect can
be approximated by incrementing the reflectivity coefficient
in Geant4, and work is underway to add this refinement to
the model.

Overall, the modeled and measured IRFs agree to within
4% in area, and their shapes are quite similar. The model-
measurement differences are small enough that their effect on
derived ion-temperatures is negligible. The uncertainty in the
shape introduces <10 ps uncertainty when calculating bulk
flow velocities using ToF techniques.
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IV. IRF DETAILS SIGNIFICANTLY AFFECT
CALCULATED QUANTITIES

While the gamma IRF can be compared with in situ mea-
surements, there is no ready impulse source of ~14 MeV
neutrons. Convolving the gamma IRF with neutron transit
time through the material, as performed for scintillator IRFs,*
also leads to erroneous results. For this study, NIF shot data
were analyzed using approximations for the IRF varying from
a Geant4 radiator pair to the convolved, co-timed pair of
modeled IRFs. The first moment (v¢) and ion temperature
were derived using these IRFs in a forward-fit to the neu-
tron data. Results along a single nToF LoS are shown in
Table II. As the difference between the first moments of
neutron and y IRFs decreases, the derived isotropic neutron
velocity also decreases; this leads to lower (7;) values. Note
that this (7;) is not the second moment of the neutron dis-
tribution but rather a temperature derived from the isotropic
velocity component common to all LoS. A comprehensive
cross-check of these derived values with values from the scin-
tillator system over several NIF shots is given in the work of
Moore et al.’

V. NEXT-STEP DESIGNS OFFER IMPROVED
EFFICIENCY AND SHORTER TIME-RESPONSE

One future enhancement may use radiator materials with

a response customized to specific particle and energy ranges.

TABLE II. Improvement in derived plasma parameters by using co-timed
IRFs (NIF shot N180226-001-999).

Analysis method

Geant4  ARC Geant4 pair + Scintillator

IRF pair yIRF PMT + cable IRF values
7} (km/s, 116°, 316°) 20.7 9.8 9.2 9.3
(T;) (keV) N/A 73 4.6 4.66
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FIG. 7. (a) External converter (red) enhances amplitude while retaining fast
time-response; (b) modeled sensitivity vs incident y energy, with (red) and
without (blue) converter; (c) modeled sensitivity vs converter thickness for
incident 15 MeV v's.
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Initial modeling indicated that CaF, might enhance sensitivity
to 2.45 MeV neutrons from DD fusion. A sample CaF, radiator
was fielded at a test location on the NIF, but impurity emis-
sion overwhelmed any measurable Cherenkov signal. Other
materials are under investigation.

Another enhancement may be separating the conversion
of incoming particles from the Cherenkov radiation process.
Figure 7(a) depicts a Geant4 model using a fused silica con-
verter external to the Cherenkov radiator rod, which increases
sensitivity and maintains a short time response. Scans of inci-
dent energy [Fig. 7(b)] and converter thickness [Fig. 7(c)]
have been conducted. Sensitivity increases with converter
thickness, up to a point when particles are stopped within
the converter and do not propagate out to the Cherenkov
radiator.

VI. SUMMARY

New nToF detectors based on Cherenkov radiation have
been modeled and subsequently fielded on the NIF. They show
a faster time-response and increased sensitivity to incident
vy rays. Combined with accurate modeling of the instrument
response function, these properties lead to increased precision
in measured implosion characteristics.
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