Wide-Dynamic-Range “ Neutron Bang Time’ Detector on OM EGA

Introduction

M easurements of the neutron emission from inertial confine-
ment fusion? (ICF) implosions provide important information
on the target performance, which can be compared directly
with numerical models. Targets filled with deuterium (D) or
a deuterium—tritium (DT) mixture are heated either by direct
laser illumination or by soft x-ray radiation in a laser-heated
hohlraum. In the resulting implosion, the target is compressed
to conditions under which thermonuclear fusion occurs. Fuel
atoms undergoing fusion release energetic charged particles,
photons, and neutrons. The time of peak neutron emission—
the " neutron bang time”—isvery sensitiveto the detail s of the
energy absorption and the hydrodynamic response of the tar-
get. Several detectors that measure the neutron bang time>4
have been described in the literature. These include a fast
(<25 ps) streak camera—based neutron temporal diagnostic®

Figure 88.1

Diagram of the NBT detector integrated into the
OMEGA facility. A fiducial system is used to
optimize the absolute timing accuracy.
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(NTD), which is also capable of resolving the details of the
neutron burn history. The NTD iscurrently installedon LLE's
OMEGA laser. It needs a minimum neutron yield >10° to
measure the bang time and isincompatible with D, cryogenic
target experimentsdueto mechanical constraints. Thesedraw-
backs, plus the complexity and cost of streak camera—based
measurements, motivated the development of an alternative
neutron bang time detector. This article describes a simple,
low-cost, wide-dynamic-range, neutron bang time (NBT) de-
tector that has been devel oped to complement the capabilities
of the NTD.

Setup of the Detector System

The NBT is shown schematically in Fig. 88.1. It is com-
posed of two detector channels to increase the dynamic range
of theinstrument, an optical fiducial system to cross-timethe
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diagnosticto thelaser pulse, and afast digitizing oscill oscope.
As shown in Fig. 88.2(a), each channel of the NBT system
consists of a fast, quenched plastic scintillator (Bicron BC-
422Q5) coupled to a photomultiplier tube (PMT; Hamamatsu
H57837). The H5783 PMT uses an integrated high-voltage
power supply that requiresonly a15-V dc input. Thisvoltage
issupplied through the signal cable using two high-bandwidth
bias teesd to avoid ground loops and electromagnetic inter-
ference (EMI) noise pickup on the dc feed. The gain of the
PMT is set by avoltage divider based on areference voltage
supplied by the H5783 to optimize the signal-to-noise ratio of
the detection system. Both channels are packaged into a lead
housing with copper foil wrapping to provide x-ray and EMI

shielding. The efficient x-ray shielding and EMI shielding
makesit possibletousetheNBT asasecondary neutron or hard
x-ray detector in an energy range above 500 keV.2

Asisshownin Fig. 88.2(b), the NBT detector assembly is
positioned approximately 55 cm from the target chamber
center (TCC) ina3.8-cm-diam reentrant tube. Dueto the small
diameter of the reentrant tube, the second channel is located
behind the first along the flight path of the neutrons produced
in the target. This does not reduce the sensitivity of the back
channel because of the long mean free path of the energetic
neutrons in matter. To maximize the dynamic range of the
system, different-sized scintillator volumes were selected for
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behind each other along the flight path of the
neutrons in a reentrant tube 50 cm from TCC.
Different-sized scintillators are used to maximize
the dynamic range of the system. An aluminum
plug at thetarget chamber end of thereentrant tube
serves as EMI shielding.
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each NBT channel, 4820 mm3 for the front channel and
230 mm3for the back channel. The signals from thetwo NBT
channels are recorded on separate channels using a four-
channel Tektronix TDS694,10 3-GHz digital oscilloscope at a
sampling rate of 10 GS/s.

Absolute timing of the neutron bang time to better than
100 ps is accomplished using the OMEGA optical fiducial
system. Thefiducial pulsetrain consists of eight peaks spaced
548 ps apart and is synchronized to the shaped OMEGA laser
pulse with a jitter of less than 20 ps. The optical fiducial is
amplified separately fromthemainlaser pulseand delivered to
numerous system diagnostics. The fiducial pulse train is re-
corded on a separate channel of the NBT oscilloscope using a
fast photodiode and also on the P510 ultraviolet streak cam-
era, 11 which measures the laser pulse shape. The common
optical fiducial servesas areference for both the neutron sig-
nal and the laser pulse, enabling very accurate timing of the
NBT signals.

Characterization of the NBT Components

The impulse response of the PMT was measured using a
100-fslaser pulse at 400-nm wavel ength recorded on a1-GHz
sampling scope and found to be 7,5 = 940 ps. Using the well-
known relation

PMT _ [.2 2
Trise = Trise"'Tscope

With Tgope = 350 ps'© describing therisetime of the scope, the
rise time of the PMT isfound to be Tr,g"e =650 ps, in excd-
lent agreement with the value given by the manufacturer.’

A low-jitter timing reference signal is critical to accurate
measurement of the neutron bang time because the electrical
oscilloscopetrigger signal hasayjitter relativetothelaser pulse
in excess of 100 ps. The simple solution of routing an optical
fiducial fiber into the NBT detector and optically adding the
fiducial pulsetrainto the scintillator signal doesnot providea
high-quality fiducial signal at the oscilloscope because the
rise time of the PMT is slower than the fiducial peak spacing
of 548 ps. Recording the optical fiducial pulse train using a
high-bandwidth photodiode on adedicated oscilloscope chan-
nel providesahigh-quality fiducial signal whereevery fiducial
peak is clearly resolved. The use of a separate channel for the
fiducial does not degrade the timing accuracy significantly
because the jitter between two channels of the TDS694 is
reported by the manufacturer to be less than 10 ps. Sub-pixel
resolution of the fiducial timing is accomplished by fitting a

LLE Review, Volume 88

Wibe-Dynamic-RanGe “ NEUTRON Bang TiME” DeTECTOR ON OMEGA

pulsetrain of eight Gaussian pulses spaced at the well-charac-
terized period of d; = 548 ps:

fidu(t) :ia, exp{ —[t —(to +i xdt)]2/20}

totherecorded signal. Here g; istheamplitude of each fiducial
peak, tg is the time of the first fiducial pulse, and o is the
width of an individual fiducial pulse. An example of the
fiducial signal together with the fitted Gaussian pulsetrainis
presented in Fig. 88.3 showing very good agreement between
signal and fit.
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Figure 88.3

Optical fiducial and corresponding fit as recorded on the TDS694 oscillo-
scope. The high bandwidth of the oscilloscope makesit possible to see each
individual fiducial pulse and to get a high-quality fit to obtain sub-pixel
time resolution.

Because the output voltage of the PMT is limited to 5 to
10V, EMI noise pickup effectively limits the dynamic range
of each NBT detector channel. Several different shielding
layers are used to limit the EMI noise to an acceptable level.
ThePMT iselectrically isolated fromthetarget chamber using
the signal cable as its ground connection to the oscilloscope.
The use of biastees avoids ground loopsin the dc power feed
for the integrated PM T/high-voltage power supply. The lead
housingwascoveredwithalayer of Cufoil andgroundedtothe
target chamber. The feedthrough holes for the signal cables
were made as small as possible to limit high-frequency EMI
penetration of theNBT housing. Finally, toimprovetheshield-
ing, the reentrant tube was covered with an aluminum plug
with only two small openings for the two signal cables. This
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combined EMI shielding reduces the pickup noise from sev-
eral 100 mV downtolessthan 10 mV for thefront channel and
less than 40 mV for the back channel.

Therecorded neutron signal isbroadened by several differ-
ent mechanisms. Because the neutrons are produced at a high
temperature, thermal broadening leads to a Gaussian shape of
the arrival times. The plastic scintillator has a very short rise
time followed by a relatively slow exponential decay.®
Scattering processes in the housing and lead shielding also
create a tail in the neutron signal that has an effect similar
tothe scintillator decay. The effect of the finite neutron transit
time through the scintillatorl? is less important for deter-
mining the bang time than it is for measuring the neutron-
averaged ion temperature and can be approximated by a
Gaussian for simplicity. The electronic part of the instrument
response, which can be described also by a Gaussian, results
from the finite bandwidth of the photomultiplier tube, the
cable, and the oscilloscope.

Overall, the measured signal m(t) can be approximated by
aconvolution of aGaussian g(t) and an exponential decay d(t),
as described in detail in Ref. 12:

d0=;;¥+%pﬁ
20 0
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This function is fitted to the measured signal to improve the
accuracy of the bang-time determination, especialy in situa-
tions of low signal-to-noise ratio (see Fig. 88.4). Because the
decay time of the scintillator and the neutron scattering effects
are identical for every shot, a best-fit decay time can be
determined once and used to analyze all of the data. Thevalue
used for thissetup is 7= 1.5 nsfor both the front and the back
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channels. The signal amplitude A, arrival time t, and signal
width o change from shot to shot and are fitted for every
measurement to optimize timing accuracy.

Figure 88.5 shows the dynamic range in D, neutron yield
for the current two-channel NBT setup. To show more clearly
thelimitsof thelinear PMT response, theNBT signal isshown
in amplitude rather than collected charge (which would be
more appropriate for a neutron-yield detector). In collected
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Figure 88.4

Neutron signal and corresponding fit on one channel of the NBT detector.
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Figure 88.5

Demonstrated dynamic range of the two-channel NBT detector setup. The
detection threshold for the front channel is set by the yield that resultsin a
single neutron hit. The threshold for the back channel is determined by the
EMI noise pickup.
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charge, the PMT’s show an even larger dynamic range that
eventually distorts the temporal pulse shape. This makes it
very difficult todeterminethepul searrival timeandintroduces
largeerrors. Thedynamicrangefor DT neutronsisvery similar
to the D, neutron dynamic range because, while the higher
neutron energy resultsin ahigher average signal per interact-
ing neutron, the effect ismostly offset by the lower interaction
Cross section.

The front channel is relatively immune to EMI noise be-
cause even asingle neutron hit resultsin asignal of the order
of 100 mV dueto thehigh PMT gaininthe front channel. The
EMI pickup noise affects mostly the back channel. A useful
dynamic range from about 1 x 107 to 1 x 10! can be realized
in the present two-channel configuration.

Temporal Calibration and Bang Time Accuracy
Thefront NBT channel can betemporally calibrated using
the hard x-ray emissionfrom aAutarget irradiated with ashort
(100 ps) laser pul se at best focus. To obtain ameasurablesignal
for this calibration, the lead shield in front of the detector is
replaced by alead shield with a small hole. Previous experi-
ments using the NTD have shown that the x-ray pulse closely
follows the temporal shape of the laser irradiation.® Fig-
ure 88.6 shows an x-ray-induced signal recorded by the front-
channel NBT, a curve fit to this signal using the expression
described in the previous section, and the shape of the 100-ps
laser pulse as recorded on the OMEGA UV streak camera
system. ! Theeffectsof thelimited bandwidth and thenoiseon
the recorded signal are clearly seen, but the accuracy of
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Figure 88.6

Front-channel NBT signal and corresponding fit for a hard x-ray emission
produced by a 100-ps laser pulseirradiating a gold target at best focus. The
100-ps laser pulse is shown for comparison.
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determining the signal peak isimproved considerably by the
fitting procedure. Thediscrepancy that isapparent betweenthe
signal and thefit at the end of the pulseis attributed to the use
of the expression that was derived for neutrons. Scattered x
rays do not change speed as neutrons do, so the tail-off that is
characteristic of the neutron signal is not present on the x-ray
signal. This effect contributes approximately g.4ip, = 50 ps
uncertainty to the calibration.

The x-ray calibration can be easily carried over to the
neutron measurements using the propagation delay difference
from the TCC to the scintillator between x rays and neutrons:

01 1d
Aty = Lggint g - EB,
n

where vD2 =2.16 cm/ns and VDT =5.12 cm/ns are the

neutron velocities and Ly = 55 cm (the distance between
TCC and the scintillator). A measurement uncertainty in the
scintillator distance of the order of 1 mm is estimated. This
corresponds to a calibration error of agé =50ps for D,
and aﬁé =20ps for DT neutrons. The scintillator distance
can be measured in situ using the arrival-time difference
between DT and D, neutrons for implosions of nominally
identical bang timeand wasfound to agreewithinthe measure-
ment error of the geometric measurement.

The back channel cannot be calibrated using this x-ray
technique because the PMT and bias tee of the front channel
effectively shield the back-channel detector from the hard
x rays produced by thetiming target. Thischannel canbecross
calibrated to either the front channel in the common range of
sensitivity or to the NTD. The very high accuracy of the NTD
(<20 ps) provides agood measure of the bang time uncertainty
of theNBT system. Figure 88.7 showsthe cross-calibration of
the back channel of NBT and NTD using many targets shots
with Do-filled plastic capsules. A very good correlation be-
tween the NTD and back-channel NBT datais observed, with
a spread of Oy = 50 ps. A correlation of similar quality is
found between thefront and back channel sof theNBT detector
inthe common range of sensitivity. Given the 650-psrisetime
of the PMT, thisis avery good agreement.

Because both NBT channels are analyzed by the same
method, itissaf eto assumethat thebang timeuncertainty from
fitting thefront-channel NBT dataisthe same asthe measured
back-channel spread: o;; = 50 ps. Adding the contributions
from the x-ray calibration, ogin, Tgig, @nd the uncertainty of
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Figure 88.7

Cross-calibration between the back NBT channel and NTD. A very good
correlation between NTD and NBT isobserved with armsdifference of only
50 ps.

the bang time determination of;; in quadrature results in an
overall absolute neutron bang time accuracy of Gyt < 100 ps
for the x-ray-calibrated front NBT channel.

Summary and Conclusions

A simple, low-cost, two-channel neutron bang time detec-
tor having a wide dynamic range has been developed for
OMEGA to complement the capabilities of the streak camera—
based NTD. This instrument is able to measure the neutron
bang time of D,- and DT-filled capsules at a neutron yield
between 107 and 10 with an absolute timing accuracy of
better than 100 ps, using hard x raysto calibrate the system. A
high-stability fiducial system and a high-bandwidth, fast digi-
tizing oscill oscope are both essential to achievethisprecision.
Neutron bang time uncertainty as low as 50 ps has been
demonstrated using cross-calibrations to a higher-precision
instrument such asthe NTD. Thislevel of accuracy allowsthe
modeling of the implosions to be effectively guided using
hydrocode calculations.
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