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A segmented neutron calorimeter using nine 4"x4"x48" plastic scintillators cUlci six­

teen 2" -diameter 48" -long 200-mbar-3He drift tubes is described . The correlated 

scintillator and neutron-capture events provide a means for n/ry cliscrimirmtioll , criti­

cal to the lleutron calorimet ry when the 'y background is substantial and the "I signals 

are comparable in ampli tude to the neutron signals. A single-cell prototype was con­

structed and tested. It can distinguish between a 17N source and a 252C[ source when 

the,' and the thermal neutron background are suffiCiently small . The desigll and con­

struction of the nine-cell segmented detector assembly follow the same principle. By 

recording the signals from individual scintillators , additional "I-subtraction schemes, 

such as through the time-of-flight between two scintillators, may also be ll s(~d . The 

variations of the light outputs from different par ts of a scintillator bar are less than 

10%. 

Keywords: Fast neutron calorimeter, segmented detector, low-pressure ;3 H(; detector , 

"I-subtraction 
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I. INTRODUCTION 

Excluding pair-production, a free neutron can only come from a nucleus. \Vhen the neu­

tron ernission is isotropic, neutron (kinetic) energy is one of the most important measure of 

the nuclear process. Neutrons from the DD fusion have a characteristic energy of 2.45 IvleV , 

from the DT fusion 14.1 MeV. Neutrons from the 17N ,a-dela.yed decay have three charac­

teristic energies at 1.70 MeV (7%), 1.17 MeV (50%) , and 0.383 MeV (37%) respectively.l ,2 

The neutron energies from 235U, 252Cf, or other fission processes are continuous, at least for 

low-resolution instruments. In particular, measurement. of the neutron energy Rpc:ctrulll call 

be used to identify the nuclear precursors involved. This is not always possible or simple, 

since neutrons can lose their energies to the ambient nuclei through collisions, a process 

usually known as neutron moderation. On average, the neutron energy loss after n elastic 

collisions with nucleii of mass A is given by En = Eo exp( -n~),3 with ~ = 1 - (A;1)L In ~~~. 

For proton recoil , ~ = 1. For large A, carbon for example, ~ rv %. In a common plastic 

with a hydrogen density of 5.17x 1022 cm-3, the mean free path of a 1 MeV ll(~utron due to 

collisions with hydrogen atoms alone is about 4.5 cm, and 10.5 cm for 4 MeV neutrons. 

'vVe describe a segmented neutron calorimeter using nine plastic scintillators and sixt.een 

low-pressure (0.2 bar of 3He and a total gas pressure of 1 bar) 3He drift tubes. Fast neut.rons 

deposit thrjr kinetic energies in the plastic through one or more proton recoils. Thennalizcd 

fast neutrons are then detected by the drift tubes through the capture reaction 3He(n,p)T. 

The Poisson-distributed neutron-capture signals are Oll average delayed by about 20 f.1.s (fast. 

neutron thermalization time) from t.he scintillat.or pulses. Although plastic scintillators have 

lower energy resolution than magnetic or electrostat.ic spect.rometers,4 the combina.tion of 

energy proportionality (nonlinear, unfortunately), high efficiency, nanosec pulse duration, 

plus compactness, low cost and non-toxicity, makes scintillators attractive for calorimetry of 

fast neutrons.5-7 Fast neutrons produce recoil protons in plastic scintillators due to elastic 

(n,p) collisions, which is isotropic in the center-of-mass frame for neutron energies :s 10 

MeV.3,8 ,9 Above 10 MeV, the (n,p) scattering becomes increasingly anisotropic (for exam­

ple, showing nuclear spin and neutron-spin dependence) . In contrast., for (n,D) and (11,(1') 

scattering, the angular dist.ribution of scattered neutrons becomes anisotropic a t energies as 

low as 100 keV. 

In the lab frame, denote the recoil proton scattering angle with respect to the iilcidcntal 
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lleutron direction as 0, the residue neutroll energy (En ) is givcn by En = Eo Si1l2 0, and t.he 

recoil proton has Ep = Eo cos2 e, with Eo being the incidental ncutron energy The angular 

distribution of the recoil proton is given by ;~ = c~:8 for 0 -:; 0 -:; ~, and zero for e 2:: ~. 

Below, we first describe a single-cell prot.otype with one plastic scintillator a.ud a 3He drift 

tube. The energy response of the detector to neutrons is calibrated llsing a time-of-fiight 

technique. The measured neutron energy spectrum from a 17N source is compared wit.h 

that from a 252Cf fission source. Afterwards, we describe the design and const.ruct.ion of 

the nine-cell segmented calorimeter, followed by a discussion and some data on it.s neut.ron 

detection efficiency, neutron I, discrimination , and energy response. 

II. A PROTOTYPE CHARACTERIZATION 

The single-cell prototype has an external plastic dimension of 5" x5" x16 3/ '<3" with a 2"­

diameter hole carved out in the center to hold the 3He drift tnbe. The 3He pn~ssure is at 1 

bar, five times the amount of 3He used ill the nine-cell segmented detector. First, the energy 

response to the recoil protons is calibrated using a time-of-flight. (ToF) tedmique. The result 

is shown in Fig. 1. The neutrons are produced by t.he LA~SCE 800 r..:leV pulsed protOll 

beams hitting a carbon target at a frequency between 1-10 Hz. The llmnbcr of protons 

per pulse is between 104 to 105 . The low intensity proton beam is ideal for t.he calibration , 

since the total number of particles (neutrons, toget.her with pions and ,'8) produced at 

t.he distance of 21 m away is slightly less than one part.icle per pulse. The linearity of th(~ 

scintilla t.or response to , -ray is checked with a 137 Cs source and a 60Co SoUl"(:(~ . 

In Fig. I , the data are compared with three models, Gooding & PughlO,ll ill grecn, Cecil 

et alJ2 in red , a.nd Aksoy et al. 13 in blue. Within the a.ccuracy of the meaSUf(~lllent, all three 

models fit the dat a quite well, except probably for the last point , which favors t.he Gooding 

& Pugh model and the Aksoy et al.'s model. V\Te use the Gooding & Pugh model for om 

calibration. 

The normalized recoil proton energy spectrum from a 17N source is shovvn in Fig. 2. 

The l7 N's are produced by the 800 MeV proton beams hitting an 180-enriched ,·vater target 

through the knock-off process 180 (p, 2p)17N. Since Compton-scattered , signals have com­

parable amplitudes as the MeV neutron signals, it is essential t.o have a reli(thle recipe for 

Ill, discrimination. Here the neutron capture by 3He is used as the 'gate'. The reductioll 
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FIG. 1. ToF energy calibration of the scintill ator energy reponse to protons. The three solid lines 

correspond to three models presented previously. More details in the text . 

of the neutron detection efficiency comes from two causes as a result . They are the escape 

of the thermal or faster neutrons from the detector (never captured by 3 He) and the neu­

tron capture by 1 H in the plastic . A third cause, insufficient neutron energy deposition ill 

the plastic is intrinsic to the scintillator, and therefore independent of the I-discrimination 

scheme. Meanwhile, a I signal could be mistaken for a neutron signal if the I signal ha,p­

pens to coincide with a 3He capture. Both the high I ray background and therrnalncutron 

background increase the probability of the random coincidences, the rate of 'which is given 

by i, inT. In other words , the background rates, in , f 'Y = v'Y c~f fl~f' the product of the source 

rate 1/~f' detector efficiency c')' and the solid angle fl'Y (similarly for in), should be kept below 

1- 10 kHz, determined by the neutron thermalization time in the plastic. 

The " background from the random coincidences between a scintillator pulse and c\. 3He 

signal is subtracted in Fig. 2. The time delay (t) between a scintillator signal due to proton 

recoils and its corresponding 3He-capture signal should obey the Poisson distribution, N = 

No exp( -tITo), with TO rv 20 f.1,S being the neutron thermalization time. The time delay is 

rneasured using a time-to-amplitude converter (TAC) unit. For a sufficient number of collnts, 

the random coincidences show up as a fiat distribution cross the whole TAC spec:tnllIl. 

The corresponding I energy spectrurn should be TAC-independent . The 'pure' " energy 

distribution (neglecting the cosmic and charged particle background) therefore corresponds 

to the part of the TAC spectrum with time-delays longer than a few times TO' \Ve use t ~ 600 

f.1,S here based on the measured TAC spectrum. In comparison \vith the 180 spectrum, 
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FIG. 2. The normalized recoil proton energy distribution from a 17N (blue) compared with the 

spectrum from a 252Cf source. The two characteristic energies for ,6-delayed neutron emissions of 

17N are also marked. The third energy at 0.38:3 MeV is off the scale because of the energy cut ncar 

0.5 MeV. 

the spectrum from a 252Cf source is also shown in Fig. 2 by using the same i-spectrum­

subtraction scheme. The observations are consistent with the expected responses of the two 

sources, although the statistics from the 17N measurement could improve with more counts. 

III. THE SEGMENTED CALORIMETER 

With similar considerations to i-subtraction as the single-cell prototype, \VC are building 

a segmented detector consisting of a 3 x 3 array of plastic scintillators a.nd a 4 x 4 arra.y of 

3He drift tubes, Fig. 3. Each scintillator bar, using the generic plastic type EJ200 from Eljell 

Technology, is a 4" x 4" X 48" cube with corners carved out to accommodat.e the 48" long 

drift tubes wit.h a diameter of 2". The construction and performances of the 200 mbar 3He 

drift tubes were described previously.14 Each scintillator bar has two photomultiplier tubes 

(PMTs), one at each end, to achieve more uniform response along its length by sumllling 

up the two PIvlT responses. The scintillator pulse rise time is about 7 ns. 'liVe plan to cover 

the detector array with borated blankets to reduce the false coincidellces from the thermal 

neutron background. 

The energy resolution is mainly determined by two factors. The variation of light ontput 

for the same amount of recoil proton energy and the position-dependent light transmission 

to PMT's. The PMT gain stability and the additional amplifier, if used, can also a.fft~c:t the 
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FIG. 3. A schematic design (end view) of the nine-plastic-cell segmented calorimeter with sixteen 

3He drift tubes at the corners of the plastic scintillator ell bes. 

energy resolution. The overall response as a function of the position along the scint.illator 

length have been measured using the Compton edge of a 137 Cs source. An example is given 

in Fig. 4. Less than 10% variation is seen for both the arithmetic and the geomctricalll1eltn. 

Both averaging methods give comparable results. 
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FIG. 4. The posit ion-dependent responses of the two PMT's of a 4" x 4" x 48" scintillator bar 

to the Compton edge of a 137 Cs source. The arithmctic mean response is shown in blue, the 

geometrical mean in green. 

In operation, since the exact location of the thenn<"llized neutron capture by 3He is not 

critical, all of the 3He drift tubes will be wired together in series and digitized by a single 

multi-channel analyzer (MCA). Each PMT will be digitizer separately, however. This will 

allow us to track multiple neutron-proton scattering events, and give us rnoi'e coinciclence 
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schemes for, discrimination in addition to the one for the single cell unit. For example, 

we have a new scheme using two scintillators plus a 3He. For 1 MeV neutrons, the neutron 

time-of-flight is about 7 ns for 10 cm, while it takes the Compton-scattered, less than Ins to 

travel the same distance. It therefore may be possible to use the time-of-flight to distinguish 

scattered neutrons from scattered ,'s, without the need for the 3He signal. Furthermore, 

the time delays between the two PMT's at each end of a scintillator bar may allow us to 

locate each neutron-scattering position more precisely. The additional coincidence schemes 

require the recording the individual PMT signals separately. \iVhen a neutron deposits its 

energy in more than one scintillator and PMT, the energy responses from each scintillator 

and PMT also need calibration in order to obtain the sum correctly. vVe plan to usc the 

ToF technique for this purpose in the near future. The performances of the detector llsing 

different coincidence schemes, such as the fast neutron efficiency, and n/, discrimination are 

being studied using Monte Carlo simulations. The efficiency for 1 MeV neutrons is about 

1 %. Below, we describe the data acquisition system for the detector. 

Each PMT output will be connected to a custom-built analog-to-digital converter (ADC) 

that is an upgraded version of a module15 that was constructed for an experiment to measure 

the rate of muon capture on the proton. 16 The incoming signal will be continuously sampled 

with 12-bit resolution at a rate of up to 250 million samples per second by a Maxim MAX1215 

flash ADC device. Each pair of flash ADCs is connected to a front end Xilinx Spartan-3 

(XC3S400-5C) field-programmable gate array (FPGA) that selects the samples of interest. 

Many variations on this filtering process are possible; it may be reconfigured by modifying 

the FPGA firmware or by downloading register settings from the host computer. The Illost 

commonly-used mode of operation is self-triggered: it selects "islands" of time corresponding 

to photomultiplier pulses, typically including about 32 samples from before and after the 

time at which the signal exceeds a programmed threshold value. In this mode, each group 

of four samples is tagged with a 28-bit timestamp that allows for 4.3 s of data collection 

between clock rollovers; all timing may be derived either from a 25 MHz (± 30 ppm) crystal 

oscillator on the board or from an external clock input. Other modes of operatioll that 

have been demonstrated include an externally-triggered mode and a multichannel analyzer 

technique, where a histogram of pulse heights is collected and periodically transmitted. 

There are only small buffer memories available on the board; the design philosophy is 

to stream data as quickly as possible over a 1000BASE-TX Gigabit Ethernet cOIlllectioIl to 
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a host. computer, where it can be archived and analy~ed. Data that has been selected by 

the triggering logic passes through a first-in-first-out (FIFO) buffer in the 32 KiB internal 

block RAM on the frontend FPGA. It is transferred t.o t.he backend FPGA llsing it set of 

fiw differential pairs to minimize radiation of digital noise that might be picked up by the 

analog inputs. This process take.s place at 25 MiB/s ill the current system, but h.igher rates 

should be possible with additional firmware developnwnt. The backend FPGA collects data 

from the four frontend FPGAs, which together serve eight input channels; it divides the data 

into packets and generates appropriate headers and checksums for Ethernet transmissioll . 

A custom Ethernet-level protocol provides for reliable detection of lost packets , although 

retransmission is not possible. The physical layer of the Ethernet connec tion is implemellted 

by a National Semiconductor DP83865 device. 
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