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A fused silica Cherenkov radiator for high precision time-of-flight
measurement of DT y and neutron spectra (invited)
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(Presented 17 April 2018; received 7 May 2018; accepted 10 July 2018;

published online 9 October 2018)

A fused silica Cherenkov radiator has been implemented at the National Ignition Facility to provide
a new high precision measurement of the time-of-flight spectrum of 14.1 MeV DT fusion neutrons.
This detector enables a high precision (<30 ps) co-registered measurement of both a thresholded
y-ray and a neutron spectrum on a single record. Other methods typically require y and neutron sig-
nals to be co-registered via other diagnostics and/or dedicated timing experiments. Analysis of the
co-registered y and neutron signals allows precise extraction of the mean neutron energy and bulk
hot-spot velocity, both of which were not possible with prior scintillator technologies. Initial mea-
surements demonstrate the feasibility of this measurement and indicate that combined detection of
neutrons and y-rays on multiple lines-of-sight should enable the bulk vector velocity of the implo-
sion hot-spot to be determined to ~5 km/s and reduced uncertainty in the spectral width ~0.1 keV.
Published by AIP Publishing. https://doi.org/10.1063/1.5039322

. INTRODUCTION
A. Neutron spectra from ICF implosions

In anideal world, inertial confinement fusion (ICF) implo-
sions are 1D and extract the full benefit of spherical com-
pression to reach the temperature and density necessary for
fusion ignition. Inertial fusion experiments have been con-
ducted at the National Ignition Facility (NIF) since 2010 and
have shown that, for arange of experimental designs, achieving
a perfectly 1D implosion with high convergence is a signifi-
cant challenge.l Indeed, to date, simulations indicate that the
majority of high performing DT-layered experiments show
significant degradation due to the 3D structure. This comes
from a range of sources from low-mode drive asymmetries to
higher-mode hydrodynamic instabilities and localized pertur-
bations due to target engineering features such as the tube used
to fill the capsule with DT gas.”™ To the extent that there is
only a finite amount of energy available in the implosion, if
more energy contributes to overall hydrodynamic fluid motion
of the burning plasma, then less is available for compression
and heating, so the measurement of the residual kinetic energy
(RKE) is therefore important for interpreting the results of ICF
implosions.

One method for doing this is via accurate measurement of
the neutron spectrum. With the current maximum yield on the
NIF at >10'© neutrons, even with modest detector solid angles
(~107% sr) and detection efficiencies in the range 1%-10%,
there are sufficient detected neutrons to measure the spectrum
with high statistical precision. Figure 1 shows three different

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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neutron spectra calculated from the existing scintillator-based
neutron time-of-flight (nToF) detectors. This illustrates the
three main measurements made from the neutron time-of-flight
spectrum: (1) the mean neutron energy (E) (see the inset),
(2) the spectral width (0-2) which is colloquially the “appar-
ent” or “Brysk” ion temperature’ that results from the veloc-
ity distribution of D and T ions, and (3) the down-scattered
spectrum from 10 to 12 MeV that results from 14.1 MeV neu-
trons that in the compressed cold DT fuel surrounding the
hot-spot.

For ICFs, neutron time-of-flight operates on the simple
principle that the duration of the burn during which neutrons
are produced is very short (~200 ps), and so after travelling
a known distance, neutrons with different velocities become
dispersed arriving at different times. Given sufficient time res-
olution, the distribution of neutrons velocities can then be
measured to high precision.

B. 1st spectral moment

Munro et al. have shown that moments of a neutron
momentum distribution can be used to extract information
about the mean hot-spot fluid temperature and residual flow
velocity (vy) albeit spatially and temporally averaged over
the duration of the burning plasma.® Focusing on the first
two moments, we can learn several things about the hot-spot
plasma; these are summarized in Egs. (1) and (3).

In the hot-spot plasma, DT fusion neutrons are born with a
“zero-temperature” kinetic energy of Eg = 14.0284 MeV in the
center-of-mass frame of the deuteron and triton. However, as
described by Ballabio, Kéllne, and Gorini, in a finite temper-
ature DT plasma, the first moment is shifted due to the kinetic
energy of the center-of-mass frame and can be expressed
as’

Published by AIP Publishing.
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FIG. 1. DT fit to measured time-of-flight neutron spectra resulting from dif-
ferent NIF implosions, highlighting the range of mean neutron energies,
spectral widths, and down-scattered neutrons. N180128-002 (blue) results
from a cryogenic DT-layered high-density carbon (HDC) capsule implosion.
N180129-002 (red) is the broader spectrum produced by the directly driven
implosion of a DT gas-filled glass-shell exploding pusher, and N171120-
001 (black) shows the shifted mean neutron energy spectrum created by an
asymmetrically driven DT gas-filled capsule. The spectra have been peak
normalized.

(E)=Eo + AE(Tjon)

1
=myc?| —— |, (1
-

c

in which AE(T,,) is the kinetic energy shift that results from
the plasma having finite temperature. m,, is the neutron mass, ¢
is the speed of light, and so (E) corresponds to a mean velocity
(v?) as shown.

If we now consider the hot-spot plasma is moving with
velocity 152 relative to the detector, then the mean velocity on

a particular line of sight kis given by

1+ {v)vF.

XUy + U} k + viso(Tion)
d

- {te) — 1o
d

:m%{w—ﬁ'

In Eq. (2), the first line is just the relativistic vector sum
of (v) and the projection of vy onto the line of sight. In the
remaining lines, d is the detector distance, (f;) is the mean
arrival time of the neutrons at the detector, t( is the birth time
of the y-rays and neutrons, and ¢, is the arrival time of the
y-rays at the detector.

Examining line two of Eq. (2), it can be seen that (vg)
consists of three components: (1) vg =51233.6 km/s, (2) v} -
due to the motion of the burning hot-spot plasma results toward
or away from the detector—for a typical ICF implosion on the
NIF, |v7| is in the range +100 km/s, and (3) viso(Tion) due
to the kinetic energy shift (AE(T;,,)) which acts to add an
additional isotropic velocity component and so only increases

2
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FIG. 2. vi50(Tjop) arising from the kinetic energy in the center-of-mass frame
of the D(t, n)a derived in Ref. 7.

(vg). Figure 2 shows v, (T jon); typical values are 10-40 km/s
for Tjy, in the range 1-5 keV.

The final two lines of Eq. (2) highlights two important
factors in the way that (v ) is calculated: first, that the distance
between the implosion and the detector (d) must be known to
high accuracy, and second, that the time of that fusion neu-
trons emitted #o colloquially termed as the “bang-time” is also
required for high precision. Typical detector distances on the
NIF are ~20 m and known to be +1 mm, so measuring (v ) with
significant fidelity (=+5 km/s) requires timing uncertainties
<25 ps.

Given that l} is a 3-dimensional vector, each measurement
of (vx) contains four free parameters, and so only if (vy) is
measured independently on four lines-of-sight can (T';,,) be
constrained via AE(T ;).

Historically, nToF measurements on the NIF and other
ICF facilities have used organic scintillators that emit light
when bombarded with high energy particles. At NIF, these use
a bibenzyl scintillator owing to improve the capability to mea-
sure neutrons in the down-scattered (10-12 MeV) region due
to its high suppression of the typical slow-decay component
observed with most organic scintillators.®

To measure the first moment of the neutron spectrum, the
time when the neutrons were produced (fp) must be deter-
mined. This is not possible with organic scintillators because
the instrument response function (IRF) is too broad and the
scintillator is sensitive to both y-rays and high energy x-rays.
To calculate the first moment with the scintillator detector,
other detectors that can measure the short 100-200 ps y flash
emitted by the imploded capsule'"!? are used to determine #,
and so they must be co-timed on separate experiments leading
to a =100 ps uncertainty.

Neutron detectors that utilize solid density fused silica to
generate Cherenkov radiation provide a way to measure both
the first and second moments of the neutron distribution to
greater precision. Figure 3 shows typical data from the fused
silica Cherenkov radiator demonstrating the measurement of
a well-defined, short (~600 ps) y-ray signal that determines ¢,
co-recorded with the DT neutron spectrum.

Hatarik details how four independent measurements of
the velocity from the scintillators can be simply combined
to calculate the overall hot-spot velocity vector 1},9 but the
+100 ps uncertainty of the scintillator measurement means
it is not able to measure (E) with the precision necessary to
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FIG.3. Data recorded by the
Cherenkov detector resulting from a
DT-layered implosion. The high quality
y and neutron signals demonstrate
the ability to derive a velocity on that
line-of-sight.
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determine (AE(T,,)). If (vr) is measured on four lines-of-
sight to a precision of +5 km/s, then calculations indicate that
the uncertainty in (7';,,) can be <+0.4 keV.

C. 2nd spectral moment

The width of the neutron spectrum is a direct measure of
the range of ion velocities in the hot-spot and is often quoted as
the “apparent” or “Brysk” ion temperature. However, as shown
by Munro et al. and reproduced in Eq. (3), the width of the dis-
tribution also includes contributions due to the variance in the
velocity distribution; this will broaden the spectrum compared
to a single temperature distribution,®

0'2=(7}0,,)+var(v})+--- .

3

Constraining the width of the neutron spectrum on the
NIF is one of the primary measurements of the scintillator
nToF detector. However, the accuracy with which this can
be achieved has been limited by the width of the instrument
response function (IRF) which is ~3 ns. Even with detec-
tor distances ~20 m, this contributes a significant fraction
of the dispersed DT neutron signal; for example, neutrons
emitted by a 4.0 keV temperature DT plasma will have a full-
width at half maximum signal due to a velocity dispersion
of =5.0 ns at 20.0 m. Since the measured signal is a time-
convolution of the scintillator IRF and the neutron spectrum,
any uncertainty in the IRF contributes directly to uncertainty
in 02.10 For the scintillator nToF, this leads to ~+0.25 keV
uncertainty in “apparent” T',,® and therefore limits the abil-
ity to discern different temperatures on different lines-of-sight
which is an indication of significant RKE during the nuclear
burn.

Figure 3 also shows the neutron IRF overlaid with the
neutron data at 437 ns, highlighting the narrow width relative to
the dispersed DT neutron signal. As a result of this high speed
and y sensitivity, Cherenkov detectors are now being deployed
and tested for the measurement of y-rays and neutrons at NIF
and a range of High-Energy-Density facilities.!>!4

To summarize, the existing scintillator nToF detectors
on the NIF can measure the first moment of the neutron

distribution to a precision of £15 km/s. The second moment
(%) can be constrained to +0.25 keV but cannot be used to
directly infer ion temperature since it also includes contribu-
tions from the range of DT ion velocities. (T,,) can also be
derived from the first moment but requires precision better
than 5 km/s. If (T';,,,) is derived from the first moment, then in
principle var(vy) can be determined from the second moment.

The remainder of this paper is laid out as follows. In
Sec. II, the generation of Cherenkov radiation due to y-rays
and neutrons is discussed. In Sec. III, the design of detectors
deployed on the NIF is described in detail, followed by the dis-
cussion of the IRF in Sec. IV. Finally, in Sec. V, measurements
of the first and second moments of the neutron distribution are
presented.

Il. GENERATION OF CHERENKOV RADIATION

Cherenkov radiation is generated by charged particles
moving faster than the local phase velocity of light in the
medium through which it is travelling. Fused-silica (SiO;) is
widely used in the particle physics community as a detec-
tor of charged particles because of its high refractive index
and optical properties that allow light to be guided toward
a photodetector through total-internal-reflection.!®> The devel-
opment of high-purity, amorphous synthetic fused silica by the
particle physics community has enabled the use of fused silica
for the purposes of measuring gamma-rays and neutrons from
DT implosions. This is formed artificially by burning silicon
tetra-chloride (SiCly) in an oxygen-rich atmosphere and can
be made very pure. Past investigations tested quartz, which is
the naturally occurring crystalline form of SiO,, as a neutron
and a y ray detector and concluded that the time-response of
the emission was too slow due to the fluorescence of impurities
present in the material.'®

Figure 4 illustrates how Cherenkov radiation is generated
for y rays and neutrons. y rays (1-10 MeV) primarily Compton
scatter off bound electrons inside the fused silica generating
electrons with a range of energies; at >5 MeV, pair production
also contributes to the generation of electrons, but the cross
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FIG. 4. Different Cherenkov generation mechanisms due to exposure by (a)
7y rays and (b) neutrons.

section only reaches 30% of the Compton scattering cross
section at 10 MeV. The relativistic electrons and positrons
cause the SiO, to radiate, and then the Cherenkov photons
are directed to a detector at the end of a rod by total-internal
reflection (TIR).

14.1 MeV neutrons inelastically react with silicon and
oxygen nuclei generating a range of excited nuclear states. In
160, the majority of these (n, n’y) states have very short half-
lives and decay through the second nuclear level via emission
of a6.13 MeV vy; this has a half-life of 18.4 ps and a total cross
section of 313 mb. The 6.05 MeV first excited state of 10,
which has a longer half-life of 67 ps'” but has a comparatively
small cross section at 14.1 MeV (2.2 mb), can only decay via
pair production. 28Si has a smaller total cross section that is
dominated by the first, second, and sixth excited states (120,
25, and 25 mb, respectively) and decays primarily by emission
of a 1.78 MeV or 2.84 MeV vy from the first and second level.
The total (n, n’y) cross section for 28Si is ~200 mb.'” For the
8.0 mm thick fused silica detectors presented here, the com-
bined neutron cross sections for Si and O imply that ~1.5% of
the incident neutrons interact with the fused silica to produce a

Rev. Sci. Instrum. 89, 101120 (2018)

y-ray.'® The emitted y-ray then Compton scatters an electron
which is sufficiently energetic to induce Cherenkov radiation
in the fused silica.

To estimate the relative sensitivity of the detector to the y
signal and neutron signal, we begin by considering the radiated
energy per unit length for an energetic electron with velocity
B = v/c in a medium with refractive index n,. The classical
expression is given by the Frank-Tamm formula°

aw & 1
a3 / (1 B ﬁzn%(w))‘”dw’ “@

where W is the radiated energy. This illustrates how only elec-
trons above a certain energy are able to induce Cherenkov
radiation from the medium since Bn,(w) > 1. For the case
of fused silica, n, = 1.46-1.54 in the wavelength range from
600 to 210 nm,?! so the minimum electron kinetic energy
necessary to generate Cherenkov radiation is 0.2 MeV. The
Compton scattering process generates a range of electron ener-
gies, but considering just the mean electron energy in the
Compton scattered distribution it can be calculated that a
0.6 MeV v ray is required to generate an electron energy dis-
tribution with a mean energy of 0.2 MeV.?? In reality while
this is a fundamental lower limit, the expression in Eq. (4)
rises steeply with electron energy, and so the more practical y
energy threshold is ~1 MeV.

To estimate the sensitivity, this is combined with the y
energy spectrum emitted by the implosion, which is shown
in Fig. 5(a). This highlights how the majority of the y rays
that reach the detector are generated by (n, n’y) reactions in
the carbon and aluminum present in the capsule ablator and
hohlraum thermo-mechanical package (TMP). This means that
while we are sensitive to 16.7 MeV DT fusion y rays, the
1 MeV Cherenkov threshold, combined with the large number
of (n, n’y) emitted by the target means that the majority of the
v signal actually results from lower energy 4.4 MeV C(n, n"y)
and other photon energies.

12C(n,y)

N,per 0.1 MeV

Fraction of *C(n,y) to total: 24.3%

FIG. 5. (a) Simulated y-ray spectrum
emitted by a DT-layered implosion. The
primary 16.7 MeV photons produced
in the DT fusion reaction are shown
in red. y-rays are also produced due

to C(n, n"y) and other reactions as

the 14.1 MeV neutrons pass through
the remaining C ablator material and

1.000

0.100

the hohlraum and thermo-mechanical
package (TMP) that surrounds a typ-
ical NIF hohlraum/citeHerrmann2010.
(b) Monte Carlo simulation of detector
sensitivity vs particle energy.
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The spectrum in Fig. 5(a) implies that there is approxi-
mately 1 target emitted y photon for every 70 neutrons incident
on the fused silica. Combining this with 1.5% neutron detec-
tion efficiency calculated above implies that there is ~1:1 ratio
of y-rays originating from the target to neutron induced y-rays
in the fused silica.

Figure 5(b) shows simulations of the sensitivity calculated
using the Monte Carlo code Geant4.2® This is used to count
photons at the detector end of a fused silica rod (shown in
red in Fig. 4) and so accounts for, nuclear, Compton scat-
tering and optical photon transport via TIR. To study the
difference between neutron and y detection efficiencies, we
isolated the TIR and found that ~17 times more Cherenkov
photons are detected per (n, n’y) reactions in the fused silica
than per y-ray that Compton scatters. This is primarily due to
the forward scattered nature of the electron Compton scattered
by a target emitted y-ray compared to the 47 distribution of
neutron-induced Cherenkov photons.

When all the detailed processes are accounted for in the
Monte Carlo calculations, we find about a factor of 20 greater
sensitivity to y rays incident on the fused silica rod compared
to 14.1 MeV neutrons.?* Using this in combination with the
70:1 neutrons:y incident on the fused silica implies that the
integrated signal strength should be of order 70/20:1. Remem-
bering that the neutron signal is approximately 8x longer in
duration than the y-ray signal, see Fig. 3, the signals end up
with a similar amplitude to within 2x.

lll. DETECTOR DESIGN

Figure 6 shows the four lines-of-sight on which detec-
tors were installed. The spherical coordinates (8 — ¢) of each
on the NIF target chamber are NP (18°-304°), E (90°-174°),
A (114°-319°),and SP (161°-57°). The distance of each detec-
tor, NP, E, A, and SP, from the target chamber centre (TCC)
was, respectively, 22 038.8 mm, 20 469.7 mm, 22 595.5 mm,
and 18 207.4 mm. Each line-of-sight has four collimators to
limit the field of view at the target chamber centre (TCC) and to
shield the detector from secondary neutron and y-ray sources
inside the target bay.

SPEC-NP
(18°-304°)

SPEC-E
(90°-174°)
SPEC-A
(114°-319°)

SPEC-SP
(161°-57°)

FIG. 6. Locations around the NIF target chamber of the four lines-of-sight
on which fused silica Cherenkov detectors were installed.
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Figure 7 shows the assembled detector. The fused silica is
high purity fluorescence free, Corning grade 0 manufactured
into a 250 mm long hexagonal rod, 8.0 mm face-to-face.”’
A Photek single-stage, multi-channel plate photomultiplier
(PMT-110) with a 10 mm diameter S20 photocathode was
optically coupled to one end of the rod using index matching
fluid to improve the measurement of the Cherenkov photons
generated in the rod. The fused silica rod was housed inside a
0.5 mm thick aluminum tube, and the end opposite the PMT
was covered with black rubber to reduce the reflectivity. The
overall assembly was verified to be light-tight at the maximum
gain.

On each of the four lines-of-sight, the detector assembly
was positioned so that the 80 mm diameter collimated y-ray
and neutron beam were centered 75 mm from the blackened
end of the rod. The 8.0 mm rod face-to-face dimensions were
chosen to be compatible with the 10 mm photocathode diame-
ter of the PMT-110, while the length was designed to maximize
the signal through the use of TIR to couple light to the PMT,
while locating the PMT at a sufficient distance to minimize
the signal contribution from scattered neutrons and y-rays that
interact with the multi-channel plate in the PMT. The use of
the PMT-110 with a short ~100 ps IRF ensured that this had
minimal impact on the width of the signal. Due to practical
constraints, the fused silica detectors had to be located close
behind the scintillators on all lines of sight. On E and SP, prac-
tical constraints necessitated a separation of 200 mm, while
on the other two the separation was 400 mm.

The PMT-110 is typically operated with gain between 100
and 10 000 and adjusted to limit the charge drawn from the
anode. Pre-assembly characterization of the PMT is important
to determine their instrument response and how this changes
as a function of gain and charge drawn.”*?® LMR-600 high-
bandwidth cables transport the signal from each detector to
multiple channels of a Tektronix TDO7104 oscilloscope. The
signal is digitized on each channel with a different sensitivity
and sampled at 20 GS/s. This enables a high dynamic-range
signal with signal-to-noise greater than 300 to be constructed
by stitching together the two waveforms.

IV. INSTRUMENT RESPONSE FUNCTION (IRF)

The different mechanisms for generation of Cherenkov
radiation in fused-silica by y-rays and neutrons impact the
shape of the IRF. This is primarily due to the different angular
distributions of Cherenkov photons mentioned previously. In
addition, the neutron signal is spatially non-local. The y-rays
emitted by the excited Si or O nuclei travel faster than the neu-
trons that produce them creating a scenario where Cherenkov
light can be generated ahead of the propagating neutron pulse.
This makes the analytical calculation of a neutron IRF not
immediately tractable and so we explore it using Monte Carlo
calculations. Figure 8 shows a comparison between the neutron
and y IRF.

In the Monte Carlo calculation, the arrival of Cherenkov
photons at the detector end of the fused silica rod is counted and
co-timed so that t=0.0 ns corresponds to when the first particle
(y or neutron) reaches the front surface of the fused silica. This
highlights several aspects of the physical processes going on.
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First, the forward-directed angular distribution of Cherenkov
photons from the y interaction means that Cherenkov pho-
tons can only reach the detector via TIR which delays the
onset of the IRF. Comparatively, the Cherenkov photons on
the leading edge of the neutron signal are distributed evenly
into 47 and so can travel directly into the detector causing
an earlier signal onset, but a delay to the rising edge of the
neutron-induced IRF of ~100 ps. This results in an overall
delay in the first moment of the neutron IRF of 36 ps com-
pared to the y IRF, equivalent to a ~7 km/s systematic offset
in {vg).

Other components of the IRF (photomultiplier and sig-
nal cables) also contribute to changes in the first and sec-
ond moment and are critical for constructing the full system
IRF. In particular, these can be different for PMT gain and

1
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FIG. 8. Monte Carlo generated IRF’s, co-timed to when the first particle
reaches the front surface of the hexagonal rod. This shows the need for different
neutron and y IRF’s if a precision of <36 ps is required.

Bibenzyl
Scintillator

graph (lower) of the detector construc-
tion and position relative to the y-ray
and neutron beam on each of the four
collimated lines-of-sight.

extracted charge changing the first moment in the range of
+20 ps.%% System IRF construction is described in more detail
by Schlossberg.?*

Understanding the IRF from first principles is particularly
important because it is not possible to measure a neutron IRF
on the NIF because this would necessitate a short impulse of
14.1 MeV neutrons that is not available. However, v IRF mea-
surements can be obtained using the short-pulse, (~10 ps)
petawatt, advanced radiographic capability (ARC) laser on the
NIF that can generate a short y pulse from the high-intensity
(~10'® W cm~?) laser-interaction with a high-Z (typically Au)
target. These generate a broad-band hard x-ray spectrum with
a duration of about 10-20 ps.’+?7

Figure 9 highlights the improvement that the narrow tem-
poral width of the IRF for fused silica offers compared to that
of the scintillator. The benefit is realized when considering the
propagation of uncertainties to calculate o->. A +5% uncer-
tainty in the IRF full-width at half maximum (FWHM) for
the scintillator translates into a +£0.210 keV uncertainty in the
derived spectral width o2, while the same uncertainty in the
fused silica IRF results in only a +0.006 keV uncertainty in
o?—a 35x improvement.

The bibenzyl scintillators fielded on the NIF were chosen
primarily for their low amplitude slow decay components, and
not their temporal width, and so it should be mentioned that
there are alternative scintillators [NE-213 (xylene), BaF,] that
have shorter fast component decay times, 3.16 and 0.8 ns,
respectively. While the BaF, speed rivals that of the current
fused silica Cherenkov radiator described here, modeling of
simple modifications to the Cherenkov radiator implies that
IRF temporal widths could be reduced to <0.2 ns.2* In addition,
the sensitivity of the Cherenkov radiator to the implosion y
emission, which enables co-registered and energy-thresholded
measurement of the y and neutron signal on a single record,
is a significant advantage over faster scintillators.
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FIG. 9. Comparison of the neutron IRF and DT neutron data for the (a) bibenzyl scintillator and (b) fused silica Cherenkov radiator.

V. DT IMPLOSION MEASUREMENTS AND ANALYSIS
A. Signal fitting

To determine hot-spot velocities from 3D implosions, it is
necessary to measure (v ) on four lines—of-sight.9 To determine
(vg), both the y and neutron signals are forward-fit. Figure 10
shows the typical y signal measured from a DT implosion.
The fitting function is a Gaussian in the time domain, where
the amplitude, peak time, and width are allowed to vary. This
is then convolved with the IRF to generate a synthetic signal
from which ,\/,Zl can be calculated and minimized, resulting in
x> per degree of freedom of ~1.1. The y?2 is dominated by
the region between 83.0 and 83.7 ns, which is due to y rays
scattered from the upstream scintillator that can travel directly
into the fused silica closest to the detector generating a pre-
pedestal to the signal. From this fit, we obtain the mean signal
arrival time, and then to calculate #,, we must account for the
majority of the y signal being generated (n, n’y) reactions
in the hohlraum and aluminum thermo-mechanical package
(TMP) 2.8-3.8 mm from the imploded capsule. This means that
the y signal is delayed with respect to the implosion “bang-
time” due to the transit time of the neutrons. Travelling at

N180128-002:NP

L T T T T T T I T T T I T T T l T T T ]

0.6 — 3 o oy —

r ) — Fit Input ]

- 6 i . —

- L 19 - = Fit .

S04 ) — IRF ]

- ¢ & ]

20.2 ° -
0.0

1 I 1 1 1 I 1 1 1 |
80 82 84 86 88 920
Time(ns)

FIG. 10. Time-domain Gaussian fit to the y signal from DT implosion
N180128-002 measured on the NP line-of-sight (red o), IRF (blue), fit (black
dashed), and fit input function (green).

vo =51233.6 km/s, it takes 56-70 ps for the neutrons generated
in the hot-spot to hit the TMP and generate the y-ray signal
we measure. 2

An equivalent but more complex analysis is employed
when fitting the neutron signal. Using the value of ¢, in
Eq. (2), #p can be calculated and used to re-cast the neu-
tron data onto an absolute momentum scale. The fit to the
neutron data is performed beginning with a Gaussian in the
momentum domain to which a down-scattered neutron spec-
trum, generated assuming only single-scatter events in a cold
DT fuel, is added as a free parameter to fit the later-time sig-
nal. The spectrum is corrected for the energy dependence of
the beam-line attenuation and then converted into the time-
domain and convolved with the neutron IRF. Figure 11 shows
a typical fit to the data where x2 < 1.5. The main difference
between this analysis and that of the scintillator data is results
from the upstream scintillator introducing a time-dependent
12C(n, n’y) background signal that is able to reach the detec-
tor ahead of the neutrons impacting the rising edge of the
data.'”
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FIG. 11. Momentum-domain Gaussian fit to the neutron signal from DT
implosion N180128-002 measured on the NP line-of-sight (red o), total fit
(black dashed), down-scattered fit component (blue dashed), andy background
fit component (green dashed).
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B. Uncertainties

The effect of the background on the neutron data is to
change the first and second moments of the fit and so must be
correctly modeled to obtain accurate values for the (#;) and o2,
The detailed analysis of Hartouni et al. shows that the system-
atic uncertainty in these parameters is effected by two aspects
of the detector design: (1) uncertainty due to uncertainty in
the IRF and (2) uncertainty due to uncertainty in modeling the
background.

Comparing the analysis with that of the scintillator, we
find that uncertainty due to the IRF is reduced compared to the
scintillator when the Cherenkov radiator whether it is fielded
200 mm or 400 mm behind the scintillator. However, the uncer-
tainty in o> due to the uncertainty in the y background is
similar to the scintillator uncertainty (0.254 keV) when the
separation is 200 mm but that fielding the Cherenkov radi-
ator 400 mm behind the scintillator reduces this uncertainty
to 0.067 keV, and the total uncertainty is reduced to less than
0.1keV. For (#;), the story is similar. At 200 mm separation, the
uncertainty in (t;) due to the IRF uncertainty is 11 ps, but the
uncertainty in (#;) due to the y background uncertainty is sig-
nificant (72 ps). Increasing the separation to 400 mm reduces
these two components to 3 ps and 8 ps, respectively.

Systematic differences between y and neutron IRF’s, and
¥ backgrounds interplay with the analysis of vf and vjs, in
an interesting way. This is illustrated in Table I, which shows
the analysis of data from shot N180128-002-999 performed in
five different ways. Measurements from each of the four lines-
of-sight k yield four velocities vyp, vE, v4, and vsp, which
are shown in the first four rows. These are converted into a
vector velocity vy and isotropic velocity v;s, using the method
described by Hatarik.? In the final row, v,,, is converted into
(T ipn) using the formula described by Ballabio, Killne, and
Gorini and plotted in Fig. 2.

Columns 2 and 3 of the Table I show results derived by
calculating #, and (#¢) by computing the Ist moment of the
signal or performing a time-domain Gaussian fit to the data
>20% of the peak. (vy) is calculated using Eq. (2). Columns
4 and 5 perform a different analysis and fit the y data in the
time domain and neutron data in the momentum domain, as
described in Sec. V A, but use different IRF’s. Column 4 uses

Rev. Sci. Instrum. 89, 101120 (2018)

the pair of Geant4 IRF’s shown in Fig. § that do not include
PMT or cable contributions, while column 5 uses the measured
v IRF presented and discussed by Schlossberg. The final col-
umn uses the best IRF information available by combining the
Geant4 simulated Cherenkov radiator IRF’s with the measured
PMT IRF and modelled cable IRF on each line-of-sight.

Comparing the different analysis methods, it is clear that
(vg) on each line-of-sight changes considerably, but exami-
nation of the different values for v}’» derived shows that, with
the exception of the 1st moment method, |07| changes by only
16 km/s, and the vector direction also lies within a narrow
angular range. Reducing the differences in |vf| to <5 km/s
requires that the IRF must contain all the components in the
system (PMT and cables) which are not included in the anal-
ysis in column 3, but are present in columns 4 and 5. Contrary
to this examining v;s, derived from each analysis shows a large
range of values some of which, when converted into (T';,,), are
unphysically large or small. This demonstrates that the system-
atic shifts, represented by different choices of IRF and analysis
methods, act primarily on the v;5, component and not vecvf.

Considering the uncertainties on the values in Table I is
also informative. The statistical fit uncertainties on the veloc-
ities in the final column are all small (=1 km/s). However,
knowing that the uncertainties due to background are larger
than this, it is possible to statistically sample a range of line-
of-sight velocities, assuming that (v ) has a normal distribution
with a standard deviation of 5 km/s, and then examining the
resulting standard deviation in the values of v'} and vjy,. Per-
forming this analysis on the values in the final column of
Table I, we find that the standard deviation of |v¢| values is
~9 km/s, while the standard deviation of values of v;s, is only
3 km/s. This seems contrary to the analysis in Table I which
implied that there was a larger uncertainty on v, than v, but
is a result of the difference between how systematic and nor-
mally distributed statistical uncertainties propagate through
the matrix inversion method.

To summarize, the co-registered y and neutron data are
forward fit resulting in statistical, or fit, uncertainties of 5 ps.
Systematic uncertainties due to uncertainties in the neutron
IRF and y background under the neutron data (at a distance
of 400 mm behind the scintillator) are 3 and 8 ps. The 1st
moment shift in the IRF modelled by Geant4 introduces a

TABLE 1. Derived uf, Viso, and (Tjon), for a range of different analysis methods, which indicate that precise
knowledge of the co-timed pair of y and neutron IRF’s and sub-components is necessary to derive (T'j,,) to better

than 10%.
1st moment Gaussian fit Geant4 IRF ARCvy Geant4 IRF pair
(time-domain) (time-domain) pair fit IRF fit + PMT + cable fit
(vnp) (km/s) —68.6 34 -0.4 349 30.1
(vg) (km/s) -56.3 254 22.5 72.1 65.8
(va) (km/s) -102.6 -24.5 -36.4 17.4 1.4
(vsp) (km/s) -172.5 4.5 -23 60.5 444
07| (km/s) 122 34 43 41 45
6 (deg) 78 78 75 95 86
¢ (deg) 238 120 119 116 119
Viso (km/s) -109 7 2 51 41
(Tiony (keV) N/A 0.4 0.1 7.3 5.4
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FIG. 12. Comparison of line-of-sight
velocities derived from the biben-
zyl scintillator (O) and fused silica
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size is representative of measurement
uncertainty.

-150

N171112-002 N171120-001 N180128-002 N180204-003

10 ps uncertainty due to the orientation of the hexagonal rod,**
and the 1st moment changes due to the PMT gain are ~10 ps.
Combining these results in a (#;) uncertainty of 16 ps and a
ty, of 25 ps. If we assume a 1.0 mm uncertainty on the d (for
d =20 m), then the combined uncertainty on (v ) is 4.7 km/s.
Finally, we compare the line-of-sight velocity results
using the Cherenkov radiators to those derived from the scin-
tillator. The data from all lines-of-sight on a number of shots
are shown in Fig. 12. Here the size of the symbol represents
the uncertainty +15 km/s for the scintillator measurement and
+5 km/s for the fused silica. The velocities plotted here have
had the isotropic velocity removed and so are v - 7 = {vx) — vo
— 50 and are derived from the final column of Table I. It is
clear that the results from the Cherenkov radiator agree with
the scintillator velocities within the larger uncertainty of the
scintillator measurements in all cases. This demonstrates that
the new fused silica measurements are as accurate as prior
measurements but are now more precise owing to the faster
detector response and more accurate measurement of .

VI. CONCLUSIONS

Fused silica Cherenkov radiators have been used to diag-
nose DT fusion experiments and derive hot spot temperature
and velocities to higher precision than was previously possible
with organic scintillators. The advent of high purity amor-
phous fused silica has enabled high speed Cherenkov radiation
signals to be measured without the presence of slower flu-
orescence emission that is produced in material with higher
impurity content. When the y background is accounted for,
the narrower IRF enables more accurate measurement of the
“Brysk” ion temperature. While the co-timed y and neutron
signal recorded on a signal digitizer enables a more precise
measurement of the hot-spot velocity and the potential to
constrain {7 ;,,).
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