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ABSTRACT

When an inertial confinement fusion implosion is compressed, it maintains thermonuclear density and temperatures for a very short time
scale, about 100 ps. The Gamma Reaction History diagnostic measures the time evolution of the fusion burn, but its temporal resolution is
limited by the use of a photomultiplier tube (PMT) to amplify the photon signal. Multichannel plate-based PMTs have a fast (~120 ps) full-
width at half-max impulse response function (IRF), but the time scale is similar to the incoming physics signal. An analysis routine is used to
remove the effect of the PMT IRF and infer the incident fusion burnwidth. With the National Ignition Facility achieving ignition and creating
much brighter signals, the PMTs are run at gains three orders of magnitude lower than nominal operation. Calibration at these settings shows
the PMT IRFs get ~15% wider. Taking the gain-dependent IRF can affect the inferred nuclear burnwidths by up to ~15%.

© 2024 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/10.1063/5.0213471
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I. INTRODUCTION

In inertial confinement fusion (ICF), a capsule filled with
deuterium-tritium (DT) fuel is compressed to high temperatures
and densities, creating thermonuclear conditions. The time scales of
thermonuclear burn are very short, with the nuclear fusion emission
varying from 50 to 200 ps.

Measuring the time evolution of the fusion reaction, the reac-
tion history, is a powerful constraint on the energy balance of the
fusion hotspot. The full-width-at-half-max (FWHM) of the reac-
tion history is called the burnwidth. The burnwidth, 7w, is one
of the values for calculating the spatially and temporally averaged
DT yield, Ypr, in addition to the number density of deuterium
np and trititum nr, the volume V, and the Boltzmann-averaged
cross-section (av),

Ypr = npnr{ov)Vrpw. (1)

The burnwidth is related to the deceleration time of an ICF
capsule,’ is related to the thermodynamic conditions approaching
stagnation,l is used as a metric to estimate the isobaric pressure near
stagnation,’ and is used to tune and compare with ICF simulations.
For ICF, the nuclear burnwidth is also related to the fusion triple
product—the hotspot pressure times the confinement time, Pr,
which estimates the nuclear performance. The nuclear burnwidth is
distinct from the confinement time,” ° but 1D hydrodynamic simu-
lations have suggested that they are proportional.” The burnwidth is
also a metric of compression of the implosion, which is stable across
the transition to ignition.”

Experimentally, the reaction history is measured with the
Gamma Reaction History (GRH) diagnostic at the National Igni-
tion Facility (NIF) and OMEGA laser facilityf)’” The DT fusion
reaction creates a rare ~15 MeV gamma ray that can be used
as a direct probe of the fusion reaction history—as gamma rays
have no temporal broadening due to the Doppler effect, unlike
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particles with mass, like the DT neutrons. The GRH uses the
Cherenkov mechanism through a pressurized gas cell to allow for
energetic isolation of the DT fusion gamma rays, only measuring
photons with energies >10 MeV. As the DT fusion gamma rays hit
the detector, they create Compton electrons that fly into the pres-
surized gas. The electrons, going faster than the speed of light in the
gas cell, create Cherenkov radiation that is collected with parabolic
mirrors and focused onto a photomultiplier (PMT). The Cherenkov
mechanism is also fast—the dispersion of Cherenkov light taking
various optical paths has about an 8 ps impulse response function
(IRF). ICF creates a strong radiation pulse, with many collected
photons in a very short amount of time (>10* to 10® photons in
100 ps), requiring running the PMTs in the current mode. The
number of Cherenkov photons collected needs to be amplified for
a large enough signal to be recorded onto a digitizer. The temporal
bottleneck of the GRH detector has been the PMT, specifically the
amplification technique.

PMTs are used across a wide set of applications as a valuable
diagnostic tool for amplifying photon signals.'”"* PMTs have a pho-
tocathode, converting the incoming photons to electrons, followed
by multiple stages with a high voltage. The potential accelerates
the electrons, which strike a stage, creating an avalanche of more
electrons that continue through other stages, amplifying the ini-
tial electron signal. The IRF of a PMT depends on the dispersion
of different trajectories the electrons take as they flow through the
amplification process. To achieve a fast (<500 ps) IRF requires a
micro-channel plate (MCP)-based PMT'*"” as opposed to dynode-
based PMTs, which have typical IRF of nanoseconds. An MCP uses
thin disks of photoelectric material with narrow pores. The small
variation in the possible electron paths, and, therefore, transit time,
through the pores of the MCP creates a fast instrument response.
Photek Ltd. manufactures MCP PMTs designed for a fast IRF, the
fastest of which uses an anode diameter of 10 mm with either one or
two stages of MCPs, with the FWHN of the IRF around ~100 ps or
~120 ps,"*" a max gain of ~10* or 10°, respectively, and a charge
limit of around 1.2 nC.** The GRH uses Photek 10 mm PMTs
for its photon amplification, with the IRF of the full GRH system
dominated by the IRF of the PMT.*!

The precise details of the PMT IRF are important for recon-
structing the reaction history. As an example, if the incoming physics
fusion reaction history signal of ~130 ps is convolved with the GRH
system IRF, giving a measured signal of ~170 ps. Both a forward fit
and deconvolution routine are applied to remove the effect of the
PMT to infer the width of the incident physics signal. In realistic
data, the deconvolution and forward fit are only able to infer the
width of the incoming signal if it is near or wider than the width of
the PMT IRF. Specific details of the PMT IRF, such as the ringing
structure, frequency spectrum, and measured noise on both the IRF
and the physics signal, are important to how well one can reconstruct
the incoming signal, specifically limiting how narrow an incoming
signal can be reconstructed.

Furthermore, although not focused in detail in this paper, the
quartz Cherenkov detectors’ (QCD) neutron time-of-flight diag-
nostics used at both NIF and OMEGA similarly uses fast IRF
PMTs. Neutron time-of-flight detectors are located far (~20 m)
from the implosion. As the DT fusion neutrons fly away from the
ICF implosion, the neutron pulse broadens as different neutrons

ARTICLE pubs.aip.org/aip/rsi

have different velocities due to downscattering and thermal Doppler
broadening. With the knowledge of the distance of the detector
from the implosion, the time of arrival of the neutron corresponds
to the energy of the neutron. The IRF of the PMT broadens the
neutron arrival time, which translates into a broadening of the
measured neutron energy spectrum.”””’ These QCD detectors use
extremely precise timing to make precise downscattered neutron
measurements to observe asymmetries.”* In the QCD diagnostic
as well, the details of the IRF are important to remove the instru-
ment response to accurately reconstruct the neutron spectrum.
Historically, an average representative IRF for a PMT was used for
data analysis.

Recently, the NIF has achieved ignition, increasing nuclear
fusion yield performance significantly and increasing the result-
ing signal levels drastically.””° The gain of the PMT is dependent
on the bias voltage applied to the MCP. Each PMT has a unique
max bias and an operational range of voltage to be applied to the
MCP. For PMTs used in the GRH, the manufacturer-supplied bias
voltage range spans a range of typically 0.8 kV, for example, a
PMT may have a reported bias range from 4.8 to 4 kV. This bias
range typically gives a gain range of 100x (10* to 10%) for a sin-
gle MCP and 1000x for a two-stage MCP (10° to 10°). However,
with extremely bright signals, the gain had to be reduced further,
and therefore, the applied biases decreased well below the 0.8 kV
range provided. For the highest yield ICF implosions achieved so
far, gain values of 10 or lower are needed, requiring the applied
voltage to be typically 2 kV lower than the maximum voltage, well
beyond the standard manufacturer-supplied bias voltage range. Sim-
ilarly, the QCD had to turn the gain of the PMT to very low
settings.

At these low applied bias voltages, there was uncertainty in
how the gain dependence varies, how the IRF varies, and whether
gain stability, i.e., applied gain for the same input signal, is main-
tained. Data were collected across a set of 15 single- and double-stage
PMTs at the short pulse laser lab located at the Nevada Nuclear
Security Site (NNSS) near Lawerence Livermore National Lab. A
2 ps width laser was used to measure relative gain, IRF, and gain
stability across applied bias settings on the PMT. Five PMTs were
measured in very low-bias settings. In addition, four of the PMTs
had a modified design incorporating a Zener diode, changing the
characteristics of the PMT, and showing a similar dynamic range
of gain (10* to 1) within a smaller bias voltage range of about a
kV. The IRF becomes wider as gains go lower—about 20% as wide
as the nominal IRF. The gain stability remains similar. Further-
more, PMTs with a Zener diode show a smaller IRF (~90 ps) with
a wide gain dynamic range with a smaller bias range. These cal-
ibration results allow gain-specific IRFs to be used for burnwidth
analysis, especially for low-bias settings of fast PMTs, and pro-
vide data for useful gain sensitivity across a few more orders of
magnitude.

Taking into account the measured gain-dependent IRF
improves the similarity of the result from a forward fit and a decon-
volution, bringing independent measurements closer into agree-
ment. For specific cases, such as very narrow measurements, not
using the gain-dependent IRF can erroneously overestimate the
width of the physics signal by about ~15%. Going forward, the
improved IRFs will be used as part of the analysis technique.
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Il. INFERRING NUCLEAR BURNWIDTHS

The GRH measures the time evolution of fusion emission from
an imploded capsule, which has nuclear burnwidths for high-yield
implosions typically varying from 50 to 150 ps. This signal prop-
agates through the GRH detector and is convolved with the gas cell
IRF (FWHM ~8 ps) and the PMT IRF response, which both broaden
the signal. The measured signal is the convolution of the incident
physics signal of the GRH instrument IRF.

An analysis routine is used to infer the incident physics sig-
nal by removing the effect of the instrument IRF. To first order,
the convolution of two Gaussians results in another Gaussian with
a standard deviation that is quadrature sum of the two, i.e., using
dummy variables,

_Gmm)? _ GGy tin))?

® Aze 202 = Ase 2(o?+03) . ()

_ u)?

Are 20?

Therefore, if the peaks are roughly Gaussian, the FWHM of incident
nuclear burnwidth should go roughly as

e 2 2
TBW ® \/ TMeasured — TPMTIRF — TGas IRE- (3)

However, the actual fusion reaction history has skew and structure
that depart from a Gaussian, and the PMT IRF has a slightly non-
Gaussian peak and additional ringing structure, as shown in Fig. 1.
These different functional forms depart from the idealized Gaussian
quadrature scaling.

Two analysis routines are run to infer the incident burnwidth.
First, the problem is solved directly by applying a general time-
domain deconvolution, as described in Refs. 27 and 28. For time-
domain deconvolution, a Fourier transform of the signal Syjeasured (2)
is divided by the Fourier transform of the GRH system IRF Sjr(f),
a frequency filter F(w) is applied, and then an inverse Fourier
transform is taken,

FT ( SMeasured ( t) )

Sin(t) = inVFT( FT(Sme(t))

*F(w)). (4)

PMT210-B2171215 at 2.7 kV, 5.717 OD on laser
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FIG. 1. Example of one collection of PMT data from 200 laser pulses. The dataset
is for PMT210-B217215 at a 2.7 kV bias (low compared to the max of 4.7 kV)
with a total of 5.717 (2.717 selected +3) OD filtering. The multiple traces show the
variation observed. An average of the 200 pulses is shown by a thicker black line.
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The GRH deconvolution uses the Nahman-Guillaume Optimum
Filter, which uses an adaptive filter that minimizes the imaginary
component that is returned by the final inverse Fourier transform,
as energy in the imaginary portion is non-physical and considered
to be an error. This time-domain deconvolution is completely gen-
eral, making no assumption about the shape of the incident physics
signal. However, the ability to reconstruct the incoming signal is
dependent on how precisely the frequency spectrum of both the
reaction history signal and the PMT IRF is measured and further
limited by the spectrum of noise on both signals. For as-measured
NIF data quality and noise levels, the time-domain deconvolution
can successfully infer the incoming signal to around the FWHM of
the PMT IRF. For incident signals narrower than the PMT IRF, the
deconvolution continues to return the width of the IRF, leveling off
at a floor.

A second analysis technique is to complete a forward fit, which
assumes a functional form of the incoming signal—GRH uses a
skew Gaussian assumption using a Gaussian rise and a Gaussian
fall with different standard deviations. The forward fit varies with
the parameters of the functional form (the rising and falling stan-
dard deviation), convolves many forms with the PMT IRF, and
selects the parameters that provide the best fit to the data. The
forward-fit technique assumes a functional form for the incident
signal but effectively fits or smooths the data that minimize the
effect of noise and are less sensitive to the frequency spectrum
of the peaks. The forward-fit technique is observed to be able to
reconstruct the incoming width of the reaction history to around
~0.9x IRF. For the first ignition shot on NIF, N210808, the for-
ward fit returned and inferred a 90 ps burnwidth!’ for a 100 ps
PMT IRF, one of the narrowest yet observed at that time. That
90 ps burnwidth value was confirmed through a faster pulse-dilation
measurement.

The GRH has four gas cells, labeled A, B, C, and D, all identical
to each other but ran on different settings for each NIF implosion.
One cell of GRH has recently been upgraded with a pulse-dilation
PMT system. The pulse-dilation system uses a drift tube to physi-
cally stretch out the photo-electron bunch before amplification on
the MCP.””"" Then, this applies the ~100ps IRF to a signal that is
10x or 20x wider. For example, a 150 ps reaction history is then
effectively measured as a 1.5 ns signal, where a 100 ps MCP IRF
becomes negligible. The pulse-dilation system is intended to mea-
sure fusion reaction history widths down to 10 ps, as well as allows
verification of the reconstruction techniques used with the stan-
dard, slower PMTs. However, for very narrow gamma-ray signals,
a deconvolution or forward fit will need to be incorporated into
the pulse-dilation analysis again. For example, it is expected that as
ICF performance increases and achieves extremely robust ignition,
burnwidths are simulated to become as narrow as ~15 ps.® In addi-
tion, MeV photon emission from NIF’s short pulse laser Adanvced
Radiographic Capability (ARC) platform also have emission widths
of around ~15 ps.”!

Illl. FAST PMT CALIBRATION
A. Calibration setup

To calibrate the IRF of the PMTs, they are brought to the NNSS
Livermore site short pulse laser lab, which has a Ti:Sapphire-based
laser system with 400 nm wavelength, 10 Hz rep rate, and ~2 ps pulse
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width with an energy per pulse of up to 3 mJ. As the laser beam
travels toward the PMT, it transits through: (1) a background filter,
(2) a small percentage is reflected to an energy monitor, (3) a set
of selectable optical density (OD) filters, (4) a diffuser, (5) homoge-
nizer, and finally (6) a fixed three OD filter. The diffuser expands the
spot size and the homogenizer creates a uniform illumination profile
that overfills the 10 mm diameter photocathode. The OD system has
a set of nine automatically individually selectable OD filter. The fil-
ters have various attenuation factors ranging from 0.01 to 2.5, with
a total attenuation factor of 9.2 when all filters are in the line, plus
three from the fixed OD. The OD filters are used to change the inci-
dent laser flux onto the PMT to output a few volts for a given bias
setting. A high voltage power supply, (PS-350), applies voltage to
the PMT and the output of the PMT has a 40 GHz cable attached
to a 20 GHz Tektronix 72004B Digital Phosphor Oscilloscope with
50 giga-sample/s (10 ps per point) rate. Electronic attenuators were
sometimes additionally used. The laser range setup is shown in
Fig. 2. The OD filters were varied along with the gain of the PMT
to measure the impulse response and the signal across a wide range
for the set of PMTs.

Enclosure
shutter

I Photek PMT
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FIG. 2. Cartoon layout of the short pulse
laser lab, not to scale.

A set of 15 Photek PMTs,’! manufactured between 2009 and
2022 intended for use for the GRH and QCD diagnostics were cali-
brated at the short pulse laser lab at various times between 2018 and
2023. Note that these PMTs are driven with negative voltages, but
throughout this manuscript, it is neglected for simplicity. For these
PMT designs, the MCP thickness is 0.2 mm, the pore diameter is 3
pm, and the pore bias angle is 16°. The PMTs have internal divider
chains that set the voltages on the photocathode, MCP input, and
MCP output, while the anode is at virtual ground. The standard
PMT uses resistors across the MCP and between the MCP and the
anode. In this standard configuration, changing the total voltage on
the MCP to adjust the gain will also change the voltage between the
MCP and the anode. Four of the PMTs incorporate a Zener diode
between photocathode and MCP, instead of a resistor, thus fixing the
voltage between the photocathode and MCP voltage when changing
the gain. These have the effect of having a more sensitive gain for
the applied bias on MCP, meaning that a change in bias has a larger
gain difference on the Zener diode. This appears as a sharper slope
on the gain vs applied bias plot. Both double-stage and single-stage
PMTs have the same total space envelope. Table I shows the PMTs,

TABLE I. Summary of the 15 PMTs, in order of manufacture date, including whether they have a Zener diode, when they were calibrated, where fielded, what bias range they
were calibrated, their FWHM, and gain for the max bias. The stability is the signal variation observed, which may be due to input laser or gain variation.

L¥i12:L) ¥202 Joqwa0sq Z0

Bias range FWHM@max Gain@max

PMT serial Zener  Calibration Fielded calibrated (kV) bias (ps) bias Stability (%)
210-73090416 2018 GCD @ OMEGA 3.45-4.8 129+ 6 1.5%10° 10
210-26091009 2018 GCD @ OMEGA 3.5-5 136 +7 1.8 10° 11
110-72101208 Yes 2018 NIF GRH C before March 13 4.55-4.95 106 + 3 4710 6
210-83150626 2018 NIF GRH A Sept 18 to Oct 21 3.95-4.55 142 £ 10 1.4%10° 14
110-B5160910 2020 NIF GRH B, since the April 21 2.1-4.6 101 £2 7.2%10° 93
110-B5170629 2019 NIF GRH B Apr’19 to Apr 22 3.7-4.6 101 £2 8.8x10° 17
110-13170822 2019 NIF GRH C Apr’19 to Apr 22 3.6-4.4 105+ 2 1.0%10* 17
110-B5160910 2018 NIF GRH B, since the Apr *21 3.45-4.8 102 £ 2 7.2x10° 10
110-B2171215 2020 NIF GRH A, since the Jan 22 2.3-4.7 120 + 3 8.9x10* 9
110-B5180105 2020 NIF GRH C, since the Apr 21 2.1-4.7 108 +2 1.2%10* 11
110-B4180202 Yes 2018 NIF GRH D Nov ’18 to Nov "21 4.5-4.8 92+2 7.5x10° 6
210-52180614 2020 Not fielded (backup) 2.6-4.7 208 + 22 9.0%10° 11
110-B3190416 Yes 2022 Intended for QCD 4.0-4.8 102 +2 5.6 10*

110-B4190416 Yes 2022 Intended for QCD 4.2-4.8 98 +3 5.0 % 10*

110-B4221212 2023 QCD Alcove Testbed 2.1-4.1 111 +3 3.0 10*

Rev. Sci. Instrum. 95, 123501 (2024); doi: 10.1063/5.0213471 95, 123501-4
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their serial number, the year of calibration, and a summary of cali-
bration data. For all the PMTs, a bias range is taken for around 1 kV
lower than the maximum voltage. For six PMTs (two 210 s, four
110 s), the bias voltage is decreased to 2.5 kV lower than the max-
imum voltage. At the lowest bias voltages, there were ~4.4 OD filters
(1.4 placed, 3 fixed) inline. This level of laser energy was chosen to
be the maximum due to concerns about burning or damaging the
PMT.

Data from 200 laser pulses are taken at each setting, with a lad-
der approach used by first decreasing the bias by 0.1 kV, taking data,
removing some OD filters, taking data and then repeating. This often
leads to two data points at a given bias, although for some specific
bias settings, there are multiple data points. As part of the calibra-
tion procedure, a 10 min warm-up time was given for each PMT
and the first setting was double-checked later—no deviation was
observed.

B. PMT data analysis

For each bias and OD filter setting, 200 laser pulses are col-
lected. The data are inverted to make it positive, aligned for the
maximum value and a few pulses disregarded—occasional mistrig-
gers or signals clipping. The resulting curves are averaged point by
point to produce an average IRF for those settings. An example of
a dataset of 200 points is shown in Fig. 1. The second peak after
the primary peak is a ringing structure present in the IRF. These
PMTs use anode masks, which are physical structures that limit
the electron trajectories, to make the ringing pattern consistent and
independent of the illumination pattern.'"® The FWHM and integral
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of the peaks are taken for each curve. The uncertainty of the FWHM
and integral is estimated by the standard deviation of the observed
FWHM and integral across the 200 shots.

The typical value from the integral across the dataset is ~1 V *
ns. To calculate the gain the PMT is applyin[g, each signal is corrected
by any optical filter in place (with I = Ipe”®”"'). The energy monitor
also measures the average laser energy before and after the 200 laser
samples, varying by 1% or 2% across a dataset and up to 15% over the
whole collection time of a PMT (a day). The integral is then scaled
by the relative difference of the laser power drift. The integral is then
converted to a relative gain by the ratio of the integral to the incident
signal. Because of the effect of the energy monitor, the diffuser, the
homogenizer, the overfilling of the PMT, and other effects, the abso-
lute flux incident on the PMT is unknown. Instead, the relative gain
is scaled to best match the supplied manufacturer gain values near
the max voltage.

C. PMT calibration results

The dependence of the FWHM as a function of the applied
bias voltage is shown in Fig. 3. Almost all the PMTs follow a sim-
ilar pattern; an exception is PMT210-52180614, which has both the
largest FWHM and the largest variation across bias settings. Sim-
ilarly, PMT210-83150626 observes a larger-than-average variation.
Each PMT has a different natural FWHM due to the manufactur-
ing differences of specific MCPs. Most 210 s calibrated have FWHM
around 125 ps. The 110 s are around 100 ps, but those that incor-
porate a Zener diode are typically a bit narrower and cluster around

FIG. 3. Data of the FWHM of the primary

peak across all the PMTs calibrated.

The red and yellow shades are for the

two MCP-stage type, while the blue and

green shades are for the single MCP
[ types.

| i

1 1
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90 ps. The variation observed for the FWHM of the IRF for a sin-
gle bias setting is a few picoseconds. For most non-Zener PMTs, the
FWHM change across the nominal (near max) bias voltages is quite
flat—seeing a change of a few picoseconds.

For low gain values, the FWHM becomes wider, around 10%
or 20% compared to the higher biases. A hypothesis is that at lower
biases and gains, the velocity of the electrons avalanching through
the MCP is slower, increasing the net transit time through the pores
and, therefore, increasing the IRF width. Another hypothesis is that
the electron density, which increases by a factor of 10° across the bias
range, could be substantial enough that space charge contributes and
broadens the signal.

The dependence of the gain as a function of the applied bias
voltage is shown in Fig. 4. The PMT210 s all have gains near 10° and
the PMT110 s have max gains near 10*. Many of the PMT110 have
very similar slopes and values across the bias voltages. The Zener
diodes have a notably sharper gain slope. The PMT210s for the most
part each have differing slopes. At lower bias settings, the gain falls
off at a faster rate.

The dependence of the stability, defined as the variation in the
observed integral of the signal, as a function of applied bias, is shown
in Fig. 5. The three most recent PMTs do not have directly compara-
ble stability data. One PMT, 110-B5160910, is excluded from the plot
because it had massive variation, around 90%, likely signifying that
the PMT had some sort of damage, even though the FWHM varia-
tion looked nominal. Because the laser energy data were only taken
as averages, one cannot distinguish between the variation in the laser
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power shot-to-shot or applied PMT gain shot-to-shot. The high-
est gain values received a few 100 s of unamplified photo-electrons,
giving a statistical variation of a few percent. For all lower gain val-
ues, the statistics of incoming photons and photo-electrons become
negligible. The variation in the applied bias is around +2 V, which
is negligible in terms of the amplification as well. Higher gain val-
ues observe higher variation, but all PMTs sit between 5 and 25%.
These data are consistent with that observed in operation on NIF
shots. The absolute value of the observed signals on the GRH is used
to determine physical values, such as shell areal density** and total
fusion yield.””’* Repeated measurements or multiple measurements
of the same signal observe absolute signal value variation within a
few tens of percentages. According to the PMT calibration data, the
stability is improved at lower gain values, staying within 10%-15%.
For a lower applied bias voltage, the relative electron acceleration
is decreased throughout the MCP, thereby decreasing the electron
avalanche gain per MCP interaction. Because of the decreased aver-
age avalanche, both the gain and the variation in the applied gain
are likely reduced. The Zener PMTs have notably improved stability,
clustering around 4%-7%.

Another metric of interest, specifically for the QCD diagnos-
tic, is the timing delta between when a signal is incident onto the
PMT and when the voltage is read out. One PMT (110-B4221212)
measured the timing delta shift as a function of bias voltage by
using a reference pulse. High gain settings see a minor shift, about
30 ps from peak bias (4.1 kV) to a kV lower (3.1 kV). However,
continuing to lower bias voltages leads to an increase in the peak

FIG. 4. Data of the observed gain, cal-
culated from the ratio of the integral of
the signal to the energy of the laser inci-
dent on a log scale. The red and yellow
shades are for the two MCP-stage type,
while the blue and green shades are for
the single MCP types.
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shift. At a bias of 2.6 kV, there is a 130 ps shift compared to the
max bias. This increase in peak shift for low biases should be consid-
ered for timing comparisons between signals that are taken at high
and low biases.

This calibration dataset did not explore the dependence of
gain, FWHM, and stability relative to charge depletion as the lad-
der method used kept most data around 1 V * ns = 20 pC. One set of
data on PMT110-72101208 collected data with signal strengths from
0.07 V * ns (1.4 pC) to 7.5 V * ns (150 pC). This collection range
is understood to be within the linear regime of the PMT, as typical
charge depletion occurs around 60 V * ns (1.2 nC).”” Within this
charge range, there was no correlation between the charge collected
and FWHM of the peak, gain, variation in the peak FWHM, and
gain variation, as all data points were within the observed variation
at~1V " ns.

IV. EFFECT OF IRFS ON NUCLEAR BURNWIDTHS
A. Single example

Historically, an average PMT IRF was used for analysis, which
was taken as an average across the nominal PMT gain settings. In
these gain ranges, for most PMTs, the IRF values were taken to be
relatively flat and so one representative IRF was used.

Between 2011 and 2022, the yields of ICF implosions on NIF
were below 2 x 10'® fusions per implosion. However, since achiev-
ing ignition, NTF has produced yields at 2 x 10'®, requiring low gain
and bias settings. In a burning plasma with high (>5 x 10') yields,

the burnwidth becomes narrower,'” typically smaller than the IRF of
the PMT. Therefore, the sensitivity of the IRF used is further com-
pounded. First, we consider one example where the effect of the IRF
due to the low gain settings is important.

One NIF implosion achieved a fusion yield of 7.6 x10"7 (2.1
M]). GRH measured the DT fusion gamma-ray time evolution with
Cell C, using PMT110-B5180105 with the applied bias on the PMT
of 3.3 kV, quite lower than the max bias of 4.7 kV. The measured
signal has an FWHM of 124 ps and is shown in Fig. 6.

At these yields, the burnwidth is so narrow that the decon-
volution analysis routine is unsuccessful and returns a flat value
that is insensitive to the width of the measured value below a cer-
tain value. Either IRF used, gain-dependent or averaged, returns a
deconvolution width of 150 ps. The standard, representative PMT
IRF has an FWHM of 110.5 ps. When using that IRF, the decon-
volution routine finds a burnwidth of 149 ps, while the forward fit
routine finds a 74.5 ps burnwidth. However, using a gain-dependent
IRF at a bias of 3.3 kV, the PMT IRF has instead an FWHM of
101 ps. Using this more specific, low gain value returns a forward
fit value of burnwidths of 85 ps. This 10 ps difference is a 15%
difference.

For comparison, the pulse-dilation PMT with a 10 ps resolu-
tion, running on the same implosion, observed an FWHM of 90 +
10 ps. Using the average PMT IRF remains outside the uncertainty
while using the low gain IRF is within the expected uncertainty, sug-
gesting that using the low bias specific PMT IRF is closer to the actual
value.
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FIG. 6. Example of a very narrow measurement (burnwidth independently measured 90 + 7 ps with the pulse dilation system) using either the average, nominal PMT IRF
or the low bias-specific PMT IRF. (a) The raw measured signal and the two PMT IRFs. (b) The found optimal forward fits with a 10 ps difference, along with the output of a

forward fit sensitivity.

B. Effect across ensemble data

For a more aggregate understanding of the importance and
relevance of considering gain-dependent IRFs, a dataset of 75
NIF ICF implosions is considered from October 2018 to August
2021. These implosions span a wide range of implosions types,
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including CH ablator capsules,” high-density carbon capsules,”*"’
Bigfoot implosions,” alpha heating implosions,””"’ pushered single
shells,*! hybrid E implosions,*” and direct drive exploding pushers.*’
Across this time, one cell of the GRH (Cell A with PMT210-
83150626) had a significantly wide IRF (FWHM at max bias: 136 ps).
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FIG. 7. An ensemble of 75 ICF reaction history values. The same measurement was taken with both (a) and (c) with a slow (133 ps) IRF and (b) and (d) with a fast (94 ps)
IRF. The measurements were analyzed using either (a) and (b) an averaged IRF across all values or (c) and (d) a gain-dependent IRF.
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In comparison, a second cell (Cell D with PMT110-84180202) mea-
sured the same fusion reaction history signal on most implosions,
but it had a significantly narrower IRF (FWHM at max bias: 92 ps)
due to the Zener diode. Although this dataset, pre-ignition, does not
include extremely low bias settings, these two cases provide a con-
trast between a wide PMT IRF that has a strong gain dependence
compared to a Zener diode that is narrow and has less of a bias
dependence.

First, consider the burnwidth value found by using an averaged
PMT IRF. Figure 7 shows the raw signal and the resulting inferred
burnwidth. For Cell A, in Fig. 7(a), because of the wide IRF, one
can see that the deconvolution systematically finds a much wider
burnwidth value than the forward fit, which follows quite closely
the quadrature scaling of the average PMT. Furthermore, the dif-
ference between the deconvolution and forward fit is large, with the
forward fit finding on average a 26 ps narrower peak (stdev 19 ps).
The deconvolution also levels off at widths approximately at the IRF,
giving an incident burnwidth value of ~130 ps for any measured
signal of 165 ps and narrower, while the forward fit continues to
infer narrower values. For larger signals, both the forward fit and the
deconvolution have a scatter, likely due to wider pulses being signifi-
cantly non-Gaussian. As a contrast, compare Cell D in Fig. 7(b), with
a narrower IRF, where both the deconvolution and the forward fit
report values quite similar to each other, with the difference between
them being an average of 2 ps (stdev 20 ps).

However, the burnwidth values found with the narrow PMT
IRF in Cell D agree closely with the deconvolution values found with
the slow PMT in Cell A, as opposed to the forward fit. The burn-
width values the fast PMT IRF finds are on average 7 ps (stdev 18 ps)
larger compared to the deconvolution values, which are 36 ps larger
(stdev 21 ps) than the forward fit values. This suggests that the for-
ward fit values found with the slow PMT are artificially too narrow,
disagreeing with the three other analysis methods.

Now, consider the results when using the gain-dependent IRF
values, shown in Fig. 7(c) for the slow PMT and in Fig. 7(d) for
the fast PMT. The routine now pulls the IRF for the specific gain
value used for the specific shot, thereby varying from 112 to 140 ps
for the slow PMT and from 87 to 97 ps for the fast PMT. For
the slow PMT Fig. 7(c), the gain-dependent IRF on average gives
a deconvolution 6 ps wider (stdev 6 ps) and the forward fit 13 ps
wider (stdev 12 ps). Using the gain-dependent IRFs shrinks the
difference between the forward fit and deconvolution for the slow
PMT, seeing instead a difference of 19 ps (stdev 16 ps). Expec-
tantly, because the fast PMT varies less as a function of bias, the
effects of including the gain-dependent IRF are basically negligi-
ble, seeing only a 1 ps difference (stdev 10 ps) from the found
forward fit and deconvolution values found using the average IRF.
Using the gain-dependent IRFs, both the forward fit and decon-
volution analysis techniques applied to both Cell A and D mea-
surements give a range of burnwidth values of, on average, 19 ps
(stdev 15 ps).

In summary, the ensemble data show that fast PMT IRFs give
a tighter range of inferring incident signals. Using bias-dependent
IRFs is of especially high importance for slower PMTs and PMTs
with high IRF variation—for the case considered here, it changed
inferred burnwidths by 13 ps on average, with about a 10% effect.
These calibrations will be used to employ gain-dependent IRFs
going forward, as well as they motivate upgrading to all narrow

ARTICLE pubs.aip.org/aip/rsi

(likely Zener-based) PMTs to improve the data quality and reduce
burnwidth uncertainties.

V. CONCLUSION

The nuclear burnwidth is a valuable diagnostic signature for
ICF implosions, but challenging to measure because of the short
time scale. For the GRH, when the burnwidth is similar to the IRF
of the PMT, an analysis routine must be used to remove the effect of
the broadening from the PMT.

To understand the dependencies of the PMT, short pulse laser
data measuring the FWHM and gain for a set of 15 fast PMTs, six
of which measured significantly lower gains was collected. Four of
these were Photek210s, which have two stages of multichannel plates
and higher gain. The FWHM of the IRF increases at low bias settings
and the gain continues to decrease exponentially to low biases.

Historically, an averaged PMT IRF based on the nominal,
high gain values was used for the deconvolution and forward fit
routine. Using these PMT calibration values to complete analysis
routines with a gain-dependent IRF demonstrates better agreement
across measurements, reduces the differences between the deconvo-
lution and forward fit, and demonstrates a better agreement when a
faster measurement is also collected. Using a gain-dependent IRF
has nearly no effect or up to a 15% effect. Going forward, gain-
dependent IRFs will be used instead of averaged values. The analysis
further emphasizes the benefits of selecting fast IRFs.
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