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ABSTRACT

Electron-temperature (T,) measurements in implosions provide valuable diagnostic information, as T, is negligibly affected by residual flows
and other non-thermal effects unlike ion-temperature inferred from a fusion product spectrum. In OMEGA cryogenic implosions, measure-
ment of Te(t) can be used to investigate effects related to time-resolved hot-spot energy balance. The newly implemented phase-2 Particle
X-ray Temporal Diagnostic (PXTD) utilizes four fast-rise (~15 ps) scintillator-channels with distinct x-ray filtering. Titanium and stepped
aluminum filtering were chosen to maximize detector sensitivity in the 10-20 keV range, as it has been shown that these x rays have simi-
lar density and temperature weighting to the emitted deuterium-tritium fusion neutrons (DTn) from OMEGA Cryo-DT implosions. High
quality data have been collected from warm implosions at OMEGA. These data have been used to infer spatially integrated T.(t) with <10%
uncertainty at peak emission. Nuclear and x-ray emission histories are measured with 10 ps relative timing uncertainty for x rays and DTn
and 12 ps for x rays and deuterium->He protons (D*Hep). A future upgrade to the system will enable spatially integrated T,(t) with 40 ps
time-resolution from cryogenic DT implosions.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101648

|. BACKGROUND AND MOTIVATION

The goal of an inertial confinement fusion (ICF) experiment
is to spherically compress deuterium and tritium (D and T) fuel
to reach the high temperatures and densities necessary to achieve
a burning plasma state. An imploding DT fuel-shell is accelerated to
high velocity. The shell kinetic energy is transferred to the thermal
energy of the central DT plasma (hot-spot) as the shell is converg-
ing, increasing the hot-spot density and temperature."” To reach
ignition, this compression must happen symmetrically, efficiently

transferring energy from the shell to the hot-spot. The details of
this energy transfer and the overall hot-spot energy balance must
be understood to push toward robust fusion-ignition designs.

The current understanding of hot-spot thermal energy relies
heavily on temporally and spatially averaged ion temperatures
inferred from the widths of fusion product spectra, primarily
the spectra of deuterium-tritium neutrons (DTn) and deuterium-
deuterium neutrons (DDn).” These measurements do provide valu-
able information but are not solely dependent on the hot-spot ion
temperature (T;) as residual flows often substantially broaden the
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measured spectra and increase the apparent T;." " In contrast, elec-
tron temperatures (T.) inferred from the shape of the emitted x-ray
spectrum are practically unaffected by residual kinetic energy in ICF
implosions. This is because the electron thermal velocity is signifi-
cantly larger than any bulk plasma flow. For this reason, measured
T, provides valuable information about the thermal energy of the
hot-spot, which will be used to investigate hot-spot energy balance,
impacts of residual kinetic energy, ion-electron equilibration, and
compression efficiency. In the Cryo-DT implosions conducted at the
Omega laser facility, the electrons and ions are not thermally equi-
librated during peak compression.” This makes a time-resolved T,
measurement critical for understanding hot-spot energy balance.
The focus of this work is the implementation and initial use
of a fast-rise-scintillator-based diagnostic capable of simultaneously
capturing multiple x-ray and nuclear emission histories at OMEGA.
This diagnostic is referred to as the phase-2 Particle X-ray Temporal
Diagnostic (PXTD) as it is a new upgraded version of the existing
phase-1 PXTD.” Phase-2 PXTD measured x-ray emission histories
are used to infer the time-resolved electron temperature [T (t)] with
40 ps time resolution and 10% uncertainty at peak emission. Simul-
taneous x-ray and nuclear emission histories have been captured
and compared with 10 ps relative timing uncertainty. The subse-
quent sections discuss the diagnostic principle, initial results from
using the instrument on warm implosions, and planned upgrades to
collect high-quality data from Cryo-DT implosions at OMEGA.

Il. DIAGNOSTIC DESIGN

The phase-1 and phase-2 PXTD diagnostics both utilize 1-mm
thick commercially available BC-422 scintillators. For the phase-2
system, these scintillators are positioned between 6 and 10 cm from
the target chamber center (TCC) within a dedicated nosecone. The
distance to TCC can be selected based on the expected nuclear and
x-ray yields. A cut-away view of the phase-2 nosecone is shown
in Fig. 1. Each scintillator is independently filtered. The filtering
is selected to measure nuclear products and/or x rays in different
energy bands. Examples of different filter setups and the recorded
signals are discussed in Secs. I1I and I'V. After passing through the
filters, the nuclear products and/or x rays deposit energy in the
scintillators, which subsequently emit ultraviolet (UV) light with a
characteristic time-history. The emitted scintillator light is relayed
to an optical streak camera that is located in a shielded location. The
optical relay and streak camera are identical to the components used
by the neutron temporal diagnostic (NTD).'?

The scintillator emission history rises at ~15 ps and decays over
~1.2 ns."! The fast rise and slow decay mean that all of the nuclear
and x-ray history information is encoded in the rising edge of the
recorded signal.

There are three key distinguishing features that make phase-2
PXTD an improved system:

o The streak camera is located in a shielded location.
e Improved UV and electron optics.
e Decreased temporal blurring.

These advantages come from using the optical relay and cam-
era from the NTD, and descriptions of them can be found in Ref. 10.
With the streak camera located in a shielded location, high quality

ARTICLE scitation.orgljournal/rsi
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FIG. 1. A cut away view of the four-scintillator-channel nosecone design used for
phase-2 PXTD. Each channel has differential filtering to measure nuclear products
and/or x rays in different energy bands. The scintillators can be positioned between
6 and 10 cm from the target chamber center (TCC).

data are collected on high yield DT implosions, which was not pos-
sible with the phase-1 system. The improved UV optics in the light
relay and electron optics within the modern streak camera decrease
the spatial blurring in the vertical (non-temporal) direction, allow-
ing for more channels. The streak camera is a Rochester Optical
Streak System (ROSS).'” Examples of streak images collected with
the phase-1 and phase-2 PXTD are shown in Figs. 2(a) and 2(b). It
is clear that the phase-2 PXTD streak image is significantly sharper
with distinct separation between the four channels. Based on these
data, it is possible to fabricate a new nosecone assembly with five
independent channels, greatly improving upon the original three-
channel maximum of phase-1 PXTD. Additional channels are used
to sample additional x-ray bands to improve T.(t) measurement
accuracy or to measure additional nuclear products simultaneously.
A previous study showed that five channels provide an optimal bal-
ance of signal statistics in each channel and spectral coverage.'’
Decreased temporal blurring is achieved with the same improved
optics and a modern streak camera. The rising edge of the impulse
response function (IRF) for the phase-1 and phase-2 PXTD is shown
in Fig. 2(c). Phase-1 PXTD has a characteristic rise time of 126 ps
while phase-2 is 40 ps as measured using short x-ray pulses driven
using an OMEGA-EP beam."’ The IRF is assumed to be constant
for all scintillators used, and further work is necessary to verify
this assumption. This improvement is critical as typical ICF x-ray
and nuclear emission histories are ~100 ps FWHM. Phase-2 PXTD
is capable of providing significantly more information about the
emission history shape compared to phase-1.

To infer the emission histories from the streak images recorded
with phase-2 PXTD, the following steps are used:

e A median filter is applied in the vertical direction.

e The fiducial and comb pulses are used to establish the
temporal axis.

e The signal in each channel is isolated and summed in the
vertical direction.

Rev. Sci. Instrum. 93, 103538 (2022); doi: 10.1063/5.0101648
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Example phase-1 PXTD data from OMEGA shot 98140
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Example phase-2 PXTD data from OMEGA shot 96217
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FIG. 2. (a) Streak image with three x-ray emission histories collected with the phase-1 PXTD. (b) Streak image with four x-ray emission histories collected with the phase-2
PXTD. (c) The rising edge of the integral normalized temporal impulse response of the phase-1 and phase-2 PXTDs, indicating that the phase-2 PXTD has a significantly
faster response (about 3x faster) than phase-1 PXTD. When contrasting the streak images in (a) and (b), it is clear that the phase-2 PXTD streak image is sharper, allowing
for more scintillator channels to be used. The fiducial pulses labeled (a) and (b) are used for absolute timing relative to the laser pulse, and the comb pulses in B are used

to accurately determine the relative time-axis.

e The impulse response and Doppler broadening are
deconvolved.

o The emission histories are corrected for time-of-flight to the
scintillators.

The median filter is applied to remove any single pixel back-
ground from direct DTn interacting with the CCD. It is applied
in the vertical direction to avoid impacting the system’s temporal
response. The fiducial and comb pulses are seen in Fig. 2(b). The
fiducials have known absolute timing relative to the laser pulse and
fixed spacing of 0.548 ns. The comb pulses are not absolutely timed
but have a fixed spacing of 0.5 ns in Fig. 2(b). Since these data were
collected, a higher-frequency comb with 0.2 ns spacing has been
implemented. An absolute time-axis is established by fitting a cubic
polynomial to the combination of fiducial and comb pulse loca-
tions. Given the high linearity of the streak, a cubic polynomial is
sufficient to constrain the time axis. After vertically summing the
signal in each channel, CCD counts are converted to the number
of photo-electrons to determine the counting statistics. The num-
ber of photo-electrons is used as there are fewer photo-electrons

generated within the streak camera than input photons, and the
conversion to CCD counts is a gain process. The conversion fac-
tor used is 150 CCD counts per photo-electron based on previous
experiments with similar streak cameras.'* From the signal in each
channel, the impulse response (and Doppler broadening for nuclear
products) is deconvolved to determine the emission history. The
deconvolution is conducted using a least-squares error minimiza-
tion of a modified Akima interpolant.’” The statistical-uncertainty
analysis is conducted using the method of Lerche outlined in
Ref. 16. Finally, the signals are corrected for their different
times-of-flight from TCC to the scintillators.

One of the most powerful aspects of PXTD is the ability to
simultaneously capture multiple emission histories on a single streak
image. This enables comparison of the histories without the need for
cross timing different instruments, avoiding additional uncertainty
due to fiducial jitter (~30 ps on OMEGA). When comparing multiple
histories measured on a single streak, the primary sources of uncer-
tainty come from time-of-flight, streak linearity, and statistics. A
summary of the timing uncertainty when comparing recorded x-rays
and relevant nuclear-product histories is shown in Table I. The top
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TABLE I. Timing uncertainties when contrasting two different emission histories col-
lected on a single streak with phase-2 PXTD. (Top) Systematic uncertainties due to
time-of-flight and streak-sweep non-linearity. (Bottom) Minimum uncertainty with opti-
mal statistics. The statistical uncertainty is limited by the maximum throughput of the
streak camera. The tables are read by looking at the intersection of the row and
column associated with the two emissions to be contrasted.

DTn D*Hep DDn

Uncertainties due to time-of-flight and streak linearity
X rays 7 ps 9 ps 22 ps
DTn 9ps 22 ps
D*Hep 23 ps

Optimal uncertainties including statistical contributions

X rays 10 ps 11 ps 23 ps
DTn 11 ps 23 ps
D3Hep 24 ps

700 pm Al

X rays and
fusion product

400 pum Al

Sci

of the 4 ch

(a)
1 mm BC-422
Scintillator

1 mm BC-422
Scintillator

1 mm BC-422 -
Scintillator -
o

1 mm BC-422
illator
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section shows the uncertainty due to time-of-flight and streak linear-
ity, while the bottom includes the statistical contribution, assuming
optimal performance. The best-case statistics are limited by the max-
imum through-put of the streak camera. When comparing x rays,
DTn, and D Hep signals, uncertainties of 10-11 ps, are achieved,
while for DDn, the uncertainty is 23-24 ps due to their lower mean
energy and longer time-of-flight.

lll. MEASUREMENT OF SPATIALLY INTEGRATED Te(t)

By recording multiple x-ray emission histories in different
energy bands, information about the time resolved x-ray spectrum
is captured and used to infer T.(t). The x-ray emission from an ICF
hot-spot is dominated by bremsstrahlung, which has a characteristic
shape given by

S(E) o< e H/™, 1)
where S(E) is the emitted spectrum and E is the x-ray energy in keV.
From this expression, it is clear that the spectral shape is determined

I

v

Optical Relay to a
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Streak Camera

(Al NTD components)

S

Scintillator Photons

2X ND
filtering

(b) Calculated relative effici
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-

(C) Absorbed energy distribution for a 3-keV
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FIG. 3. (a) Schematic of the phase-2 PXTD filter setup used for measurement of Te(t). Each channel is filtered with a different thickness of aluminum to measure x rays
in different energy bands. The scintillator output for the softest filtered channel is reduced by 2x with a neutral-density (ND) filter. (b) Peak normalized relative efficiencies
for the four channels shown in (a). (c) The spectra of x rays absorbed within the scintillators for an incident 3 keV bremsstrahlung spectrum. The relative normalization
constants used for each channel are shown below the figures in (b) and (c). The energy range coverage of the four channels is sufficient to infer the shape of the incident

x-ray spectrum and T(t).
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entirely by Te. Te(t) is, therefore, inferred from the relative ampli-
tudes of the multiple x-ray emission histories within each time bin.
This is done by using a forward model and a synthetic diagnostic
as discussed in Ref. 13. For this analysis, the filters’ x-ray transmis-
sions are measured using the setup described in Ref. 17, and the
scintillator UV conversion efficiency as a function of x-ray energy is
assumed to be constant. Future experiments are planned to measure
the scintillator conversion efficiency.

Figure 3(a) shows the filter setup used for the measurement of
T.(t). Four scintillator-channels were used with 300, 400, 500, and
700 ym Al x-ray filters. Behind the 300 ym Al channel, an ND filter
is used to reduce the scintillator emission by 2x to capture all four
signals with high statistics within the dynamic range of the streak
camera. As shown in Figs. 3(b) and 3(c), each channel is sensitive to
a different x-ray energy band. The peaks of spectra of x rays absorbed
by the scintillators occur in the range of 10-13 keV for a 3 keV
bremsstrahlung spectrum. High-quality data in all four channels
were collected using this configuration on OMEGA D’He gas-filled
shock-driven implosion 96 217 as shown in Fig. 4. In Fig. 4(b),
the results of inferring T.(t) from the histories are shown in the
black points, while the total x-ray emission history, determined by
summing the raw x-ray signals before deconvolution, is shown in
blue. The T.(t) inferred from phase-2 PXTD agrees with other mea-
surements of the emission averaged T, like from the x-ray-imaging
spectrometer,'® and is significantly lower than the ion temperature
inferred from the width of the DDn spectrum.’ This is expected
for this type of shock-driven implosion where the ions are shock-
heated to high temperature, and the ion-electron equilibration time
is long compared to the dynamic time-scale. The electron tempera-
ture is constant as a function of time, within the error bars, which is
consistent with the expectation for this implosion type. Error bars
on the electron temperature include contributions from random
statistics, signal to noise, and calibration uncertainty as discussed in
Ref. 13. An additional strength of this diagnostic is observed in
Fig. 4(b) where the early time coronal or laser plasma interaction
(LPI) x-ray emission is distinguished in time from the core emis-
sion. An emission averaged diagnostic would not be able to separate
these two sources.

(a)

700 umAl e 1000

Time — ™ >

Emission History (peak normalized)
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IV. SIMULTANEOUS X-RAY AND NUCLEAR EMISSION
HISTORIES

Simultaneous x-ray and DTn histories were captured using the
phase-2 PXTD on a series of warm plastic (CH) shell implosions
conducted at OMEGA. These experiments are Cryo-DT-implosion
surrogates using a CH ablator that is mass equivalent to the abla-
tor and DT-ice in a Cryo capsule. These implosions are driven with
a laser pulse identical to what is used in Cryo-DT experiments.
The filter setup used is similar to what is shown in Fig. 3(a), with
100 ym Ti filtering added to all channels, the 700 ym Al filter
replaced with 1 mm of W, and the 2x ND filter removed. The 1-mm
W filter is used for a dedicated DTn channel as it blocks practi-
cally all incident x rays. The additional 100 ym Ti filter was added
to suppress low energy non-hotspot x-ray emission that was present
in initial tests on Cryo-DT implosions. A full discussion of this can
be found in Ref. 13. With this filtering configuration, the channels
are all sensitive to a similar x-ray energy range, making an inference
of T(t) impossible. Figure 5(a) shows a phase-2 PXTD streak image
collected on the warm Cryo surrogate shot 100 521. The three x rays
and four DTn signals are summed, and then, the IRF is deconvolved
to determine emission histories shown in Fig. 5(b). In the case of the
DTn signals, the shape of the raw signal near the peak is different
for the 1 mm W channel as compared to the other three. The cause
of this difference is not known and warrants further investigation.
The deviation occurs after the majority of the signal rises and, there-
fore, only affects the late tail of the inferred history and not the peak
location or FWHM. From the two histories, the time of peak x-ray
emission (x-ray bang time) is determined to be 3 + 10 ps after the
time of peak DTn emission (nuclear bang time). Simulations of this
experiment performed with the 1D hydrodynamic code standardly
used for implosion design at OMEGA, LILAC," and predicted that
the x-ray bang time should be delayed by 20 ps relative to the nuclear
bang time, which is outside the measured uncertainty range. This
indicates that 1D hydrodynamic simulations are not capturing the
detailed dynamics of the ICF hot-spot during emission.

The phase-2 PXTD has also been used to simultaneously cap-
ture the x-ray and D*Hep emission histories on a series of D*He

(b)

N
)
IS

X ray history %
1 =3
3o
0.8 2
Te(t) o
0.6 ¢ 28
S
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19
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FIG. 4. (a) Phase-2 PXTD measured streak image for OMEGA D3He gas-filled shock-driven implosion 96217. (b) The deconvolved x-ray emission history (blue) with a
shaded 95% confidence interval determined by summing the four signals in (a) and then deconvolving the impulse response function (IRF) and Te(t) (black points) inferred
with 40 ps time resolution and 10% uncertainty at peak emission. A diagram of the imploded capsule is also shown.
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FIG. 5. (a) Phase-2 PXTD streak image collected for OMEGA DT gas-filled Cryo surrogate implosion 100521. (b) The deconvolved x-ray emission history (blue) and DTn
emission history (red) determined by summing the relevant channels in (a) and then deconvolving the IRF. The shaded regions are the 95% confidence intervals. With this
measurement, it is determined that the x-ray and DTn bang times are consistent with being simultaneous within the 10 ps uncertainty. A diagram of the imploded capsule is

also shown.

gas-filled shock-driven implosions at OMEGA. Figure 6(a) shows
a phase-2 PXTD streak image for the warm OMEGA shock driven
implosion 101922. In this case, the 1-mm tungsten channel is blank
because the DDn yield is not large enough to measure. The other
three channels captured both x rays and D*Hep, which are summed,
and the IRF is deconvolved to determine the emission histories
shown in Fig. 6(b). In this experiment, the D*Hep bang time signif-
icantly proceeds the x-ray bang time, and both occur while the laser
is still on. In this case, it is difficult to determine if the x-ray emission
is primarily coming from the core or corona.

V. FUTURE UPGRADE FOR USE ON OMEGA CRYO-DT
EXPERIMENTS

As discussed in Ref. 13, the current system does not have the
dynamic range to simultaneously and accurately capture the DTn
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and x-ray emission histories produced by a Cryo-DT implosion. The
reason for this is that the DTn signal is significantly brighter than
the core x rays, and the DTns cannot be attenuated before their
arrival at the scintillators. The scintillator emission can be ND fil-
tered by a factor of 20X to capture the DTn signal, but the x-ray
statistics will be poor. On the other hand with no ND filtering, the
x-ray emission can be captured, but the DTn signal will saturate the
camera. A future phase-3 upgrade has been proposed to utilize two
independent streak cameras. The newly implemented PXTD streak
camera will be triggered earlier to capture the x-ray emission histo-
ries, and not the DTn, to avoid saturation effects. The upgrade to the
back-end is depicted in Fig. 7. A partial reflector will be inserted in
the optical path to divert a fraction of the incident scintillator light
into a new relay and PXTD streak camera. Within this new relay,
neutral density filters will be positioned in an intermediate image
plane, which will allow per-channel ND filtering that can be adjusted
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FIG. 6. (a) Phase-2 PXTD streak image for OMEGA D°He gas-filled shock-driven implosion 101922. (b) The deconvolved x-ray emission history (blue) and D*Hep emission
history (red) determined from the sum of the relevant channels in (a). The shaded regions are the 95% confidence intervals. For this implosion, the peak of the x-ray
emission occurs while the laser is still on making it difficult to distinguish between core and coronal/LPI emissions. A diagram of the imploded capsule is shown.
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Current NTD back-end
(optics not pictured)

Scintillator
Light optical path

PXTD camera

Proposed back-end upgrade
(most optics not pictured)
Intermediate
image plane

Full reflector

Per channel
ND filters
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FIG. 7. (a) A simplified schematic of the scintillator light path for the phase-2 PXTD through the neutral density filtering and into an optical streak camera. (b) Simplified
schematic of the proposed phase-3 PXTD, which will utilize two independent streak cameras for simultaneous high-accuracy measurements of x ray, DTn, and T, histories
from OMEGA Cryo-DT experiments. Using a partial reflector, a portion of the scintillator emission will be directed through per-channel neutral density filters located in an

intermediate image plane and into a new optical streak camera.

during an experimental shot day. This is a substantial improve-
ment over the current system of including ND filtering within the
nosecone, which cannot be adjusted without venting the target
chamber. With the phase-3 configuration, high quality x-ray emis-
sion histories will be recorded on the PXTD streak camera without
impacting the DTn history measurement on the NTD streak camera.
In addition to back end improvements, the nosecone filtering will be
redesigned to include a five x-ray channel setup for a more accurate
determination of T,(t).

VI. CONCLUSIONS

The phase-2 PXTD has been implemented for the measure-
ment of T,(t) with 40 ps time resolution and <10% uncertainty at
peak emission on warm OMEGA implosions. The instrument has
also been used to simultaneously capture x-ray and nuclear emis-
sion histories with 10 ps relative timing uncertainty. Plans are in
place to upgrade the system to “Phase-3” for measurement of T,(t)
on OMEGA Cryo-DT experiments. This diagnostic is ready for use
in a variety of experiments at OMEGA.
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