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LA-UR-92-

NEUTRON TIME-OF-FLIGHT ION
TEMPERATURE DIAGNOSTIC FOR
INERTIAL CONFINEMENT FUSION

EXPERIMENTS

Robert E. Chrien
Los Alamos National Lab, MS-D410, Los Alamos, NM 87545

David F. Simmons and Dale L. Holmberg
EG&G Encrgy Mceasurenients, Las Vegas, NV 89030

We are constructing a 7; diagnostic for low nentron yicld (5 x 107 to above 10")
d-d aml d-t targets in the Nova facility at Livermore. ‘T'he diagnostic measures the
nentron encrgy spread with 960 scintillator- photomnltiplier detectors located 28 m
from the target and operates in the single-hit mode. Fach deteetor can measnre a
single nentron arrival with time resolntion of I ns or better. The arrival ‘e di. tribn-
tion is constrneted fron: the resnlts of typically 200 500 detector measnrements. 'T'he
ion temperature is determined from the spread in nentron energy AE,, x T which
is related to the arrival time spread by At/t = - (1/2)AE, /E,. Fach neutron arrival
is detected by nsing a photonmltiplier tube to observe the recoll proton from clastic
seattering in a fast plastic seintillator. ‘T'he timing electronies for each ehannel consist
ol a novel constant fraction:like diseriminator and a nultiple hit time-to-digital con
verter (I'DC). The overall system design, together with sirgle channel performance

dnta, is presented.



I. Introduction

Neutron time-of-flight (TOF) detectors can pravide important information about
the fuel-ion burn temperature in various inertial confinement fusion (ICF) target
designs. Conventional neutron TOF detectors mcasure the time history of the total
light output from many ncutron interactions in a scintillator. These detectors are
useful for neutron yields above 10'°, but are limited ai lower yields by the finite
emission time of the scintillator, the finite response time of the detector, and the
statistics of neutron interactions and light production in the scintillator.!

We are constructing an icn temperature diagnostic based on timing measi:rements
of single nentron intcractions in many scintillators. This diagrostic is designed for
low-yield targets on the Nova ICF laser facility at Livernmiore. The diagnostic measnres
the ncutron arrival time distribution using an array of 960 scintillator- photomnltiplier
detectors (Figure 1) with about 1 ns time resolution and operated in the single-
Lit mode.? The arrival time distribntion is constructed from the results of 100 or
more detector measnrements. The diagnostic will be located ontside the Nova target
chamber at a distance of about 28 m from the target.

The ion temperature is deteomined from the spread in neatron encrgy as denoted
by the relation® AL, (keV) = CyTi(keV)'/2 where A E, is the energy spread (FWIIM)
and ("4a = 82.5 (for d-t reactions the coeflicient is (g = 176). ‘TI'he energy spread is
related to the time spread by A/t ~ —(1/2)A L,/ E,. The gnantities of interest are
summarized in Table 1. Corrections to the raw data mnst be provided to acconnt for
the system time resolntion (abont i ns) and target burn time (about 100 ps).

The nentron arrival times are deteeted by using a photonmltiphier tnbe (PM'T)
to observe the photons produced by recoil protons in a plastic seintillator. 'T'he re-
coil proton energy is dependent on the proton recoil angle @ throngh the kinematic
relation Ey, = By vcos? 0, where 0 is measnred with respeet to the inzident nentron
direetion. Since m-p seattering is sotropice in the eenter-of mas: frame, the proton
ecoil energy distribution is miform np to the neatron energy. ‘The pulse height dis

tribntion ~ontainy no information abont the incident nentron energy exeept through
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its arrival time, but can be useful for monitcring the system gain or in some pulse
pile-up rejection methods.

The dynamic range of the diagnostic must cover d-d neutron yiclds from 5 x 107
to above 10%. This range can be obiained through variation of the number of array
channel hits (from 100 to 500) and scintillator volume (from 0.8 cm® down to 0.2
cm3). Operation at yields above 10° will provide overlap with results obtained from
current-mode d-d time-of-flight detectors! and below 107 with estimates of 7} obtained
fromn first-hit analysis! of data from the Large Neutron Scintillator Array (LaNSA)
on Nova.

Another way to extend the dynamic range is by operating the array in the multiple
hit regime. An acceptable fraction (10%) of the channels will provide single nit data
even when the average number of hits per channel is three. Thus a dynaniie range of
about 30 is possible provided that channeis affected by pnlsc pile-up can be rejected.
Data reduction based on first-hit analysis! can also bc considered.

The electronics for each channel cons®it of the PM'I' voltage divider base, a discrim-
inator, a multiple hit tiime-to-digital converter ('I'DC), and a gated charge-sensitive
analog-to-digital converier (ADC). The nmltiple hit capability of the TDC is valnable
to observe the zammas from nentron interactions with materials along the newtron
flight path and tlms to correct for timing differences between channels. ADCs can be
valnable for recording the pulse height distribntion of the reesil proton scintillations

to monitor the overall health of the PM'T array.

II. Scintillator

The seintillator volmne is chosen to give nentron sensitivity appropriate to the
yicld predicted for a partienlar Nova shot.  In all cases the seintillator thickness
shonld be restricted to abont | era to keep the d d nentron transit time across the
seintillator less than 0.5 ns (0.2 ns for d-t nentrons). With the above restrietion, the

probability of a nentron interaction in the seintillator is given by
P =Y(Aldrl*)(x /)
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where Y is the neutron yield, A is the detector area, R is the distance from the Nova
target to the scintillator (28 m), z is the detector thickness. and A is the neutron
mean free path for elastic scattering (7.7 cm). For the minimum neutron yield of
5 x 107 and a minimum detection probability of 10% (%o obtain 96 measurernents),

the scintillator volume Az is 0.8 cm®

. For the maximum neutron yield of 1 x 10°
and a maximum detection probability of §0%, the s-intillator volume drops to 0.2
cm?. If the array is operated at a detection probability of 300%, the dynamic range
is increased six-fold at a given scintillator volume.

The scintillator itself should be relatively fast and bright, similar to BC400 or
NE102. The light output of this scintillator is about 64% of anthracene. The light
production in NE102 for electron energy deposition is 0.01 photons/cV.® The relative
production efficiency for protons in NE102 has been measured® and can be expressed

as

TE = 0.95Tp — 8.0{1 - CX])(—O.]OT,(}“O)}

where Tp is the proton energy (in MeV) and T is the equivalent electron encrgy
(in MeV). The number of photons varies from 110 for a 0.25 McV recoil proton np
to a maximum of 7433 for a full-cnergy recoil. For comparison, a full-energy recoil
froin d-t neutrons prodnces 80,300 photons. A usefnl amiplitnde calibration can be

lﬂT(\

provided by garmmas from 's, which produces a Compton edge at two-thirds of

the recoil proton edge from d-d nentrons.

Light conpling efliciency of abont two-thinls can be obtained by nsing optical
conpling grease between the scintillator and the photocathode together with titaninn:
dioxide paint on the niconpled surfaces. [owever, the nse of optical conpling prease
is prohibited by the need to change the seintillators. Instead, silicone conpling pads
can be employed. These conpling pads permit conpling efficiency close to that of

conpling grease (abont 50%). Bare conpling efliciency is avound one- third.



III. Photomultiplier Tube

The PMT converts scintillation photons into electrons and amplifies them in the
electron multiplier. Bialkali photocathodes provide a good match for plastic scin-
tillator emission spectra and have quantnm efficiency of about 25%. Thus 10-15
photoelectrons can te expected from a 0.25 MeV reccil proton. The multiplier stric-
ture should be a linear focused type to obtain good time resolution. Inexpensive
side-viewing PMTs are unsuitable because of ineflicient light coupling between scin-
tillators and the recessed photocathode.

Time resolution of PMTs is quoted in terms of the single-photoclectron transit
time spread (SPTTS;. These SPTTS values are 2--3 ns for PMT's of the type con-
sidered. The time resolution iinproves inversely as the square root of the number of
photoelectrons compared with the SPTTS. This dependence indicates the nnportance
of efficient light coupling. An SPTTS of 3 ns or better is needed to obtain time res-
olution of 1 ns for d-d measurements with as few as 10 photoelectrons. Even better
tiine resolntion is obtained with the brighter d-t scintillations.

The anode ontput must be compatible with the discriminator threshold. Assuining
a minin;um ol 10 photoelectrons, a gain of 10%, and a triangular anode prlse with
FWIHM of 5 ns, the peak aiiode current is 320 uA. T'his represents 16 miV into a
50 Q load, which provides a reasonable minimum voltage for the discriminators. In
addition, the PMT output should remain lincar np to the recoil proton edge (abont
20 mA).

A variety of sinall 10-stage end-viewing PM'l's were considered for this diagnostic.
'The Philips XP1911 19 nnn tube was selected, primarily based on cost, “I'his PM'F
provides the reqnired gain (at a nominal voltage of 1600 V) and linear eurrent (np to
130 mA).

The tiiae resolntion was measured by comparing the anode pulses from two
XP1911 PMTs viewing the smne scintillator.  Nentral density filters between the
scintillator and each PMU provide an attennation of 200, ensuring that cach scintil-

intion prodnees al mogt a single photeeleetron pnlse. Ortee VI20C linear preamps



provide an amplification of 10 for each anode signal. A 50 ns coax line was used
to delay one of the signals. Ortec 473A discriminators and an Ortec 567 Time-to-
Amplitude Converter were used to obtain the raw timing spectrum shown in Figure 2.

The time spread At can be expressed as

At = At? + Aty + At}

acin

where At4 and Alg refer to the SPTTS of the two PMTs and At,., refers to the
FWHM emission time of the scintillator (1.3 ns). TFor identical A and B channels,
the SPTTS of each tube is 2.9 ns. Measurements without the neutral density filters
confirm the expected improvement of time resolution with light level.

The PMT voltage divider is designed for bleeder current equal to the average anode
current rating of the tube. The manufacturer’s recommended string for maximum
linear current output is employed. Capacitive stabilization of the latter dyrode stages
is provided to limit voltage changes to less than 1% for 10 full-energy proton recoil
scintillations. Positive high voltage is supplied to the anode to permit the cathodc

region to be grounded. Anode output is capacitively coupled to the discriminator.

IV. Discriminator, ADC, TDC, and Data Acquisition

The anode signals are connected to novel constant-fraction-like discriminators
based on a simple RC network and a fast voltage comparator.” No walk correction
is reqnired with this discriminator. An updating output of 10 ns minimum duration
is provided to allow pulse pile-up to be detected by the 'T'DC. This diseriminator has
low power dissipation and can be inade guite compact.

The discriminator provides a buffered version of the anode signal for conmmecting
to a LeCroy 1885F 15-bit charge ADC. Thisis n 96 channel FASTBUS modnle, 'I'he
18851' can be gated for a time as short as 50 ns and can be nsed to measure the
amplitnde of the d-d nentron pulses with a sensitivity of 50 fC per connt.

The discriminator outpnt is connected to LeCroy 1879 96-channel nmltihit '1'DC

FASTBUS modnles. These are 2 ns TDCs with donble edge resolution of 10 ns. Up
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to 16 edge timing measurements per channel can be obtained. For d-t measurement..
the TDCs will be upgraded to the 0.5-ns LeCroy 1877 when that product becomes
available.

A DEC MicroVax II computer is used to control and read out the FASTBUS
modules and to analyze the data. A CAMAC-based Starburst LSI-11 mediates the
control functions through a CAMAC-FASTBUS interface. The software needed for
this diagnostic has already been developed for LaNSA array.

V. Testing

The two gencral areas of testing are amplitude and timing tests. The overall gain
of the scintillator-PMT systein must be monitored routinely, perhaps prior to each
Nova shot, and the PMT voltage or discriminator threshold adjusted to correct for
gain shifts or changes in "MT coupling efficiency. Small '*”Cs radioactive sources are
used for this calibration. Timing tests will be performed using a 1-ns, blue, unfocused
CRT light pulser developed at EG&G.

Once in operation, ccrrect system perforinance will be checked by monitoring
the recorded data in a nimber of ways. Timing can be routinely checked on Nova
by observing x-ray generating targets er by using the gamma fidncial provided by
nentron interations in the target. Spare channels are included in the array. PMT
failires can be discovered by detecting a change in the divider string current, the
appearance of excessive noise, or by the absence of signal in a particnlar channel for a
scries of shots. Discriimnator and TDC problems will be detected by comparing the
average detection probability in each channel with the average detection probability
in the whole array. An overall alignment check can be performed by computing the
average arrival time as a fnction of two orthogonal dimensions across the detector
array. Individnal channel timing variations can also be detected by comparison with

the average arrival time.
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Tables

TABLE 1. Characteristics of d-d and d-t neutron times-of-flight for Nova

d-d d-;——-‘
inverse speed (ns/m) 46.1 19.2
distance (m) 28 28
time-of-flight (ns) 1291 538
At for T; = 1 keV (ns) 21.7 3.4
1 ns distance (cm) 2.2 5.2




Figures

FIG. 1. Assembly drawing of the photomultiplier tube chamber, showing the 3’Cs
sources, scintillators, silcone coupling pads, PMTs, bases, and cabley for the PMT

array.

FIG. 2. Transit time spectrum obtaining from the two photomultiplier tube method
using XP1911 tubes and a B.C418 scintillator. The calibration factor is 155 chan-

nels per ns. The full width at half maximum corresponds to 4.3 ns.
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