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DIRECTIONAL MEASUREMENTS
FOR SOURCES OF FISSION NEUTRONS

by

Roger C. Byrd, George . Auchampangh, and William C. Feldman

ABSTRACT

Although penetrating neutron and gamma-ray emis-
sions arguably provide the most effective signals for lo-
cating sources of nuclear radiation, their relatively low
fluxes make searching for radioactive materials a te-
dious process. Even assuming lightly shielded sources
and detectors with large areas and high efficiencies, es-
timated counting times can exceed several minutes for
source separations greater than ten meters. Because
determining the source position requires measurements
at several locations, each with its own background, the
search procedure can be lengthy and difficult to auto-
mate. Although directional measurements can be help-
ful, conventional collimation reduces count rates and
increases the detector size and weight prohibitively, es-
pecially for neutron instruments.

We describe an alternative approach for locating ra-
diation sources that is based on the concept of a po-
larized radiation field. In this model, the presence of a
source adds a directional component to the randomly
oriented background radiation. The net direction of the
local field indicates the source angle, and the magni-
tude provides an 2stimate of the distance to the source.
The search detector is therefore seen as a device that
responds to this polarized radiation field. Our pro-
posed instrument simply substitutes segmented detec-
tors for conventional single-element ones, so it requires
little or no collimating material or additional weight.
Attenuation across the detector creates differences in
the count rates for opposite segments, whose ratios can
be used to calculate the orthogonal comporents of the
polarization vector. Although this approach is appli-
cable to different types of radiation and detectors, in
this report we demonstrate its use for sources of fis-
sion neutrons by using a prototype fast-neutron detec-
tor, which also provides background-corrected energy
spectra for the incident neutrons. Computer simula-
tions of possible search procedures indicate that the
directional capability should significantly improve the
performance of searches for nuclear sources.



1. INTRODUCTION

Shielding for Radinactive Materials. Becunse many nnclear weapons are based on
the radioactive nraerial plntoninn, one of the clearest siguatnres for their detevtion is the
penetrating radiation of x-rays. gamna vavs, and ventrons that they emit. High-density
materials such as leaa can be nsed to slueld the two clectromagnelic radiations, although
Large thickpesses miy bhe needed Tor gamm ravs at high epergies. Shielding for fission
nentrous. on the other limd, requirves hulky but relatively lightweight hydrogenous materials
suel as plastic or water, Rffective shielding Tor botly neutrous and gammnia rays must
therefore be Farge and wassive, so a weli-shielded shipping container woukd be suspicious
hecanse of its sheer sizc and weight. Nuchoar search techniqgiien, nsnally exploit this difficulty
by ntilizing bhoth types of detectors.,

Directioral Radiation Detectors. VFor portable instrmments, shielding constraints
also aflect the design b collimators far determining the location of a radiation source.
Becanse modest amomuts of lead cian provide siguificant altepnation at most energies, field-
ing a directional gamma-ray detector pases little difficnhty. Effective collimation for fast
nentrons is munch more enmbersome. so uentron detectors arve nsnally deployed without di-
rectionality, For long-range scarches, the lyrge size of any detector makes effective shiclding
impossible. Thus. it wonkld be nsefnl to develop techuignes for determining the direction
of incident radiation that wonld be effective even with nushiclded detectors, particularly
those nsed for fast nentrons.

Related Work. A\ recent report! disensses computer simnlations of directionality for
shiclded and nushiclded fast-nentron detectors. Fhe present paper continnes this study by
nsing actual weasnrements to examine some practical applications. I'he detector eniployed
is @ novel instrmnent originatly doveloped as i nentron spectrometer for space applications.?
H has also been nsed for stndying nentrog-indnced fission in enriched nranirm,” for (:ountin%
watheads on silo-based missiles.” aud for measnring far-field fluxes fron a wnclear reactor.”
The measurentents are part of a stndy of fission spectra for realistic mockups of nuclear
weapons. A companion paper® describes the detector calibration and spectral analysis. and
a classified report will disenss specifie featnres of the mocknp spectra. Although the present
measnrenents were not origivally intended to demonstrate the detector’s divectionality. they
nevertheless provide an extensive and realistic set of test cases.

Contents. Scction 2 preseuts a brief summmary of the operiting principles of the unique
detector nsed in the present work, which is described wore fully in Refs. 2 and 6. Sec-
tion 3 explains the concepts of a directional radiation field and its characterization using
a multielement detector. Section -1 presents the mathematical formalism for extracting the
directional information from the measnred connt rates, and i3 cantains the bhalk of the mea-
surenments that demonstriate the basic technigne. Sectiop 5 nses Monte Carlo simulations
to explore the advantages that the directional capability can provide in hypothetieal search
scenarios. Section 6 deseribes two additional applications of seginented neutros detectors.
One extends the directional aualyvsis to the estimation of sonrce separation distances. and
the other disensses a techuique proposed in Ref. 1 for obtaining background corrections to
measured enevgy spectra. Section ¢ swmmarizes the resnlts from the entire report.

2. DETECTOR OPERATION

Proton Recoil Scintillators. I organic scintillation detectors. neutrons thai ~catter
from protons in the plastic produce proton-recoil energy and detectable light output. Most
neutrons scatter only & few times and then escape. so they lose ounly a fraction of their
original energy. Some. however, scatter throngh large enongle angles 1o deposit essentially
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all their cuergy in the first few collisions, oud they become trapped in the scintillator. Be-
cause of saturation iu the scivtiltator’s eneroyv-to-light conversion at energies bolow 0.5 MeV
(see Rel. 6), further collisions do not provide additional signals, Thus. almost all the ¢n.
ergy deposited by u trapped nentron is collected juto @ single protupt proton-recoil pulse.
whose amplitude is directly related to the incident pentron energy, Usfortnnately, with a
conventional scintillator there is no way to distiugnish between signals from trapped and
escapine nentrons. so i continnons distribntion of protou-recoil energies is obtained. 'the
cuergy  octrnm ol The original nentrons i be recovered only Ly nnfolding this complex
IRNES B RN TR

Borc:-Loaded Spectrometers. ‘The first nunsnal featnre of the detector nsed in the
pricentss peritnetd - ots cinabiinty taidentily those fust nentrons that stop in the detector.,
As desepaper e Kodss 25 6, the sotive olement is o plastic seiptillator (Bicron BC-154)
that pras Leer LG 190 v weight with B As in a4 conventional seintillator, nentrons
that scattes ono o tecco gl then cseape pradnce o single vecoil pulse: those that deposit
almostall the = vnepes ually vemat in the seinnilba . b onr case. within a foew ps many
of these trap so. uentron- interact with thee added boron throngh the ™B(n. a)7Li capture
reaction, whi-t pradic o secomd hetr pulse. Thas, observing a rapid seqnence of two
pulses. ttie fir -~ Trogp 1] cnergetic pratay vecatls and the secand from the boron captare.
provides i means o oeetine only thase tpcident gentrans that (1) have original energies
abowve 009 AleN el 12 aepe-dt essentially sl their energy i the recoil palse. In these cases
the spectrm of pratan recails is also e cneray spectrnm of the incident nentrons-—but
withont o crirpe ooy nnfolding. Theos e orey distributions are discussed ju detail in Ref. 6:
in this repurt thev will fignre raainiv in tos development of the backgronnd corrections in
Sec. 6.

Multielement Detector Directionality. The second nunsnal featare oi the detector
is the o most impor it for the present wark. As shown in Fig. 2.1, the instrument head
consists of fonr boran-toaaed seintillitor rads with photonmbtiplier tubes at each end. The
four side-by-side seirillistor elements are intended to indicate the direction of the incident
neutror flux. hr the apigina! description.? this augnlar capability was demonstrated on!,
for churged partich~ pmons generiated by cosmic-ray imteractions with the <pacecraft). As
developed in Ref. L. the directional inforuumion can be nsed in two other wavs. First,
difiervuces in solid angle and attennation across the detector create differences hetween
the count rates for diflferent segments. whicl can be used 1o calenlate the direction of the
incident flux. The caleulations snggest that the svstematic angle acenraey for an nushielded
detector shonld probably be within 10°. Secoud. for sonrces placed in fromt of one pair of
rods (as in this experitent), the opposite pair can be nsed to estimate i correction for room
backgrounds. Under sinne cirenmstances. sneh a correction can provide an nncollimated
detector with an esseutially one-sided response.

Discussion. ‘I hi: brief deseription of the iustrament nsedd i the present measurenients
has stressed the two iviatnres wost important for the presentmalvses. First, rhe scatter-and-
capture selection restricts the response only 1o uentrons. iguy at energics asbove 0.5 MeV,
and only those chit deposit all their eneray in the deectar. Sceond. the four-elenient seg-
mentation provides ~ome information abont rhe direction of the incident flux. Previonsly.
this information his received only a carcory examination by means of simple computer
simulations! or measnrements with chargeld particles.? which hehave vers differently from
the neutrons and gamuta rayvs of interest for radiation earch applications. Furthermore.
the previous analysis' focused on deterniining ouly sanree directions and background cor-
rections. Neithur of these applications is a central factor in the presemnt experiment., which
used a low-scattering cuvironment (so the hiackaron:ud corrections are sinall) and sonrces
placed directly i iront of the detector (so the incident angles are known). Instead. the
following analyses reveal that an importam advantiaee of the directional information lies
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i a hivd appricativae o hich ases the differconces betveen the connt rates in different el
emets 1o tslicate the existence, yrptitade. and directian of o polarized radiation field.
The develojment of this cancept acenpios wost ol the gest soctian.

3. POLARIZED RADIATION FIELDS

Introduction. luu traditiowsl seirch for i radintion sonree, connt-rate measnrements
are prade using o stinnbind erid spacing. and the dgwnnre of o nearby source is the inverse.
square inerease i e tnegsnred flux as the sonece is approache:d. For distant sonrces this
sitple preseription = camplicated by twa adilivion:! fuetors. First, auy radiation mea-
surement inclndes papdat flaectmatinngs fram cammting statisties, whiclt ereats a fractional
coumt-rate nacertain(y it vitrries igversely o~ the square root of the ynmber of connts:
AN/N = 1/VN. Serand. all detectors respaiid 1a same degree 1o diftuse backgronnd ra-
diation. whether wianral or scattered fram the conree, This background contribites an
obsenring connt-rate voriation thit becomes tucreasingly important as the sonrce flux de-
creases with the sqmare of the separation. In principle. o systetatic s rratogy conld be
developed to choose aptimmm step sizes and seirely directions from the acenmulated rount-
rate infoimation. lu-teqd. we will develop s additianal stenature of a radiation sonree
that is hused ou the directional chivacteristies af rhe ewgued flas.

Source and Background Fluxes. ‘L illestraie the essenrial featnres of the search
problem. we have devised o compater stimnbation e tucarporates the inverse-square falloff
it the sonree flux. the vesnlting vartations ie rhe el ra-backaronnd vatia (5/13). and the
effects of connting ~taristics. Figure 3.1a illn-trite- the radial iheereise in the flux from
a 1/r conrce (open circlos) iy the presence of o nuiform bickgronnd (solid circles). The
ratio botween the T backgronnd connts il the 10N steral conuts 1> chosest to prodnee
S/B = 51 at the wndicated 5-m sonrce sepradpm, whick i+ the appropriate ratio for the
nreasuretnents deseribiod fn this report. Nore sl the continaed 1/0° falioff iy signal causes
the 571 vatio 1o sppaoael b at o 10 separatian, Has fienre indicates the dilfienity of
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detecting a significaut chapge in connt rate nuless the sonrce is near at hand. ‘This difficulty
is further enpliasized by Fig. 3.1b. which drops the artificial distinction between counts
from the sonrce aud the biackgronud. Only it very close approaches is the variation in
couut rate clearly abservible,

Directional Radiation Fields. hustead of foaensing solely on variations in count
rate. Fig. 3.2a uses the sane simmulation to illnstrate the coneept of a directional radiation
fiekd. The solid hine segients radiate frorn the sonree location: the dotted segments have
randomly chosen directions. Again, the S B vatio of 5:1 at the 5.m separation is apparent.
Iy this case. however, the combination of source and hackground also affects the average
direction of the local finx. not jnst the variation m conut rate frons point to point. This
assertion is supported by Fig. 3.2b. whicl aguin drops the distinction between counts from
the sonree and backgronud. For measnrements Ly fram the sonrce, the directions of the
detected particles aye random: as the sonrce is approached. the fraction of particles with a
defivite orientation wereises to 100%. by terus of vokarization observables. one refers to the
radiation fields for near and far sonrvees as having palarization magnitudes that approach
1.0 and 0.0, respectively. This interpretation leads to 1wo conclusions: (1) 'The net direction
of the local polayization vector mdicates the most likely direction for the radiation source,
and (2) the magnitnde P2 of the polariziation inereases from 0.0 to 1.0 as the source is
approached. Thus, & nonzero polarization measnrement may provide a sensitive indicator
of a directional radiation fiekd — and hence a localized nentron souree.

Basic Polarizatinn Observables. Tyvpically. however, the polarization of a radiation
fiecld cannot be observed direetly. byt it must be dednced froin differences beiween the count
rates in a mn clemwent detection svstem. Iy onr case. we used the four-rod instrument of
Fig., 2.1 with its long axis vertical. so that ecacl rod faced a differept direction. In the
formalism of polarization observables, the sensitivity of a detector to the polarization P of
a radiation ficld is referred to as its analvzing pover AL which varies from 0.0 (no response)
to 1.0 (perfect response). In this framework. a meacnrement’s polarization characteristics
depend on both the field and the detector. which leads to a product referred to as the
asynnnetry It = P4 Tuis this connterate asvinpetry that forms the eentral polarization
quantity obtained i the measnrements,

Summary.  This section has provided a simple ilastration of the cffect on search
behavior of backgronnd contribations. of the iuverse.square falloff in signal flux. and of
connting statistics. We have nsed the radial chiaracreristics of the emissions from a point
sonree to imroduce the copcepts of a polarized ridiation field and a directional radiation
detector. This approachk has resulted in an application of detector directionality not an-
ticipated in the ideatized simnlations of Ref. 1. For sanrces at moderate separations (up
to a few meters). most of the nentron flux is incident on the detector from o particnlar
direction, which produces a definite difference herweey the conm rates for the different
elenients, At larger separations, hovever, the ditect sonree contribritton decreases as 1/r2,
and most ef the detected pentrons have scittered fram the air. walls, or floor. Thus, the
polarization of the radiation fickd provides o measnpement of the signal-to-background ra-
tio and henee an estinate of the nearness of the radiation source. The central result is
the equation R = A, which connects the field and detector parameters P and A to a
njeasurable count-rate asvmmnetry R, We have also arrived at two significant predictions
that can be tested agaiust experimental resnlte: (1) the polarization direction indicates
the source angle. and (2) the polarization muaguitnde depends on the signal-to-background
characteristics of the radiation fickd.
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4. POLARIZATION MEASUREMENTS

Overview. This section begius by relating the conceptnal four-element polarization
detector of the previous section to the actual lustrnuent used iu the weasnrements. Af-
ter developing a nathewmatical formalism based o standard polavization analyses, we use
examples from the measarements to test the predictions made in the previons section con-
cerning the direction and magnitnde of the measnred polarization vector. Most of the
measureinents were wade for distributed conrces located at varions distances in front of
the detector. all at abont the same angle. “I'he calenlated direction cherefore serves mainly
as a consistency check, although the magnitnde of the polarization shonld decrease as the
source separation increases,

Experimental Configuration. ‘I'he measurements were niisde with the sources placed
roughly in front of the detector at recorded separations of 51 1160 cyn (center tc center).
To reduce the conut rate from gama rays, the detector was surronnded by at least 0.95 cm
of lead sheet on all sides. Figure 4.1 cornects onr conceptual polarization analyzer with
the physicai fonr-rod instrmment shown in Fig. 2.1, showing the wmnbering of the four rods,
the angle coordinates, snd the right/left/frout/back directions. ‘The attenuatiorr through
the detector and differences i solid angle prodnce a nuique pattern of count-rate ratjos. At
the souyce position shown. Rod 2 wonld hiave the highest rate, followed by Rods 1, 4, and
3, respectively. As the sonree angle 8 increases toward 15°. the count-rate ratio between
Rods 1 and 1 decreases to 111, while that between Rods | and 3 increases to its maximum
value, which is abont -1:1 for the geometry aud materials of our particular detector.

..............................................................................................................
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Fig. 4.1. Detector and source geoinetries. witl angle coordinates shown from
above. Rods I and 2 are on the front side of tlie detector and face the source;
Rods 3 apd 4 are on e rear side. A source angle of zero degrees is straight
ahead. The insel shows a detector-centered coordinale system used in the
asymmetry calculations.
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Directional Algebra. 'T'he formal directional calenlitions sre surprisingly simple.
Three observables are obtained: (1) the angle-averaged pentron flax at the detector location,
(2) the magnitude of the local polarization. and (3) the direction of the local polarization.
Alternatively, this information can be viewed as a scaler uentrou flux and a vector neutron
polarization. which cotrespond to the single-rod canut rate aud the mnltirod connt.rate
asymmetry. In Ref. 1, the calenlations used differences hetwoeen the connt rates for opposite
rods; the current software emphasizes the ratios between these connt rates. ‘The local
average flux ® and its fractianal error ¢ = dd/d are obtained from the fonr individual-rod
yields and crrors ¢; £ d; as

= (i + o2+ e+ oq)/d

tp = ((/:,f)f + (/4//:: + (/4D§ + (/4,'1:2,)17/1(!’ .

The measurable directional parametey is the asviunnetry Ioand fractional error ¢, lor
simplicity, the detector axes are orjented diagonaliy through the 1 -1 and 2 3 detector rods.
and the source angle 8 is shifted by m /4 (45°) to align the axis with zero degrees for sonrces
directly in frout of Rods 1 and 2 (see Vig. -1.1). Our approach treats the connt-rate ratios
as the components (04, Ry3) of a vector whose length and direction are I and 6. The
calculations proceed as follows:

0= dijoy. I eufoy
Riy=(o=Hfta+ 1) Ra={3-1)/(3+1)
R = (R + R3y)
u=IRpfRyy. O=tan'u—z/1.

The errors are based on the fractional errors ¢, = do, /o, for the four rods and the corre-
sponding €14 and ¢;3 values for the two components (.. [8.:):

da = al + )PV d3 = 3G+ B
dRyy = 2/(a + 1) dav. dRyy = 2[1.3+ 1) d.3
er = (R, dRE, + RE A R
du = u(E 4+ AN
d6 = du/(1 + u”) .

In this arrangement. ¢ measures the average wentron intensity. 6 gives the source JVirection.
and R indicates the asymmetry across the detector - -three basie parameters.

Detector Analyzing Power. To use the measnred asvimetries R to obtain the field
polarizations P, we must obtain an estimated valae for the detector analyzing power A.
Because the asymimnetries measnred for nearby sources are niainly caused by attenuation
across the detector. they should have essentially constant values that are characteristic
of the detector material and geometry, not the signil-to-background characteristics of the
radiation field. The Monte Carlo calculations in Ref. | did not include background effects.
so they should provide a good estimate of the detector’s intrinsic A-value. The calculated
asymmetries have a maximum value near 0.66 for angles through the rods (+45°, £135°).
a minimum value near (.57 at the intermediate angles (£22.3°. £37.5° etc.). and a value
near 0.62 at the gaps betweerr each pair of rods (0°, £90°. 180°. that is, our experiinental
situation). To check these calculations, we can use a calibration measurement nade with
a 252Cf fission source placed in front of the detector at a distance of 54 cm (Run 802 in
the experiment logs). This run has an asvmmetry value # = 0.69-4 £ 0.6%. Furthermore.
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the weighted average of the f-valnes for all the measnrements is 2 = 0.67 with a standard
deviation of 0.21. Thus, the measured asyunnetries of 0.6 0.7 for most of the distatces and
angles included inour data set are consistent with an iuterpretation in ters of attenuation
in the detector material. Becanse all the present measurements were made at a nominal
sonrce angle of zero degrees, we will nse the calenlated value £ = 0.62 as our standard
detector analyzing power A. With this assumption. the measired asymimetries can be used
to calculate the polarization jmagnitude as

= HIA. p=ulA.

For some applications, it is also nsefud 1o lold the intensity and polarization into a single
quantity, the flax gradient ¢ across the detector. which is given as

(r’ = I)q’

(f; = ('f, + (;‘i, .

‘This quantity estintates the portion of the flnx that is associated with the radiation source,
as opposed to that for the local backgronnd.

Sample Calculations.  We can use the valnes from the ?%2Cf calibration run to
illustrate the bebavior of the directional algebra. (‘Table I collects the relevant analysis
results from all runs discussed in this report.) For the calibration run, the four single-rod
fluxes (integrated from 0.75 10.0 McV) are

o1 = 0171 £ 0.7% nfcn?/s
¢y = 0.2221 £ 0.7% njcm? /s
= 00571 £ 1.7% n/em?/s
Gg = 0.0%08 £ 1L3% nfem®/s .

-
>
[

There is a clear difference hetwoeen lhv fromt (c‘n,o‘n) and rear (¢3,¢4) count rates. The
average flux (converted from units of cm? to m? for convenience) is ¢ = 1336+0.5% n/m?/s,
the polarization magnitude is 1.12:4£0.01, the polarization angle is @ = 13.1 £ 0.5°, anc the
flux gradient is (' = 1195+ 0.9% n/mz/.s. ‘The polarization valie is larger than 1.0 because
solid-angle effects at short separations result in =1 unusually large detector analyzing power.
Thus, our A-value of 0.62 is appropriate only for sources at separations large compared
with the detector size. that is, beyond aboent 1-2 mi. ‘V'he source angle of 13.1° for the
calibra‘ion run is also anomalous. Yor a sonrce located at 54 cm, this angle correspends to
a displacement of 12.6 ¢m to the right; nnfortunately. no precise rrght/leﬂ source position
was recorded for this run. A different **2Cf measurcinent (Run 245 in the logs), probably
made with the source immediately in front of the detect.r ~ivas a more reasonable angle
of —1.3 £ 0.3°. In fact, the angle of 13.1° is one of the '4:~+ ,neasured in the entire set
of runs, with one appurent exception. A later measurement (Run 817 in the logs) with
ar.other source gives the result

oy = 01743+ 4.6% n/cm /s

¢2 = 0.0860 £ 6.8% n/cm?/s
¢3 = 0.1694 + 5.5% n/cm?/s
&y = 0.0635 £ 11.5% n/cm?/s .
10
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Here, the fluxes for Rods | and 3 are ligher thay those for Rods 2 aud 4 (not Rods | and
2 vs Rods 3 and 4). The calenlated angle of —=80.1 £ 3.7° imiplies that the detector was
accidentally rotated by +90° Sce Fig. 4.1 . which gives a trine source angle of 9.9 + 3.7°
(‘The valuos listed for this run in ‘Fable © inelnde the assmned +90° correction.) Ironically,
this fortuitous rotation provides one of the best confirmations in the present experiment
for the detector’s directional capability.

TABLE I. Analysis Results

‘T'he potation iy the table is a4 follows:
On-line Quantities

J Index (1 22) for each set ol runs. Sunilar runs aie groomped togetdier.
RUN First rin in the original set of run mnnbers, For exatuplhe, R 802 is Runs 82 83; Run
817 is the smm ol Runs 817 %19,
NAME Mucmoie for dhe partenlar sancec, ssially taken fromn the ron logs.
VIEW Viewing angle (deg) tor tine sonrec. frang tee e ogn.
DIST Separation (1) between sonree apd degectar, from the ra logs.,
TIME Measurens-nt tine interval (sein). calenlateal Trom the data by eanverting the number of
96-s event-dara frames into mnmtes,

Dircctional Quantities

ANGL Sontrce angle and error in degrees. oltimed from the asyunnetry analysis.
AFLX Averagc llnx @ at the detector. given i nentrons/ur’ /s and averaged over all fonr rods.
(o is the percentage error.
TFLX Front-rod flux imegral ¢.; at the detector. o is the percentage error.
SFLX Average backgromel-suliracted flux imegral ¢,. ¢, is a percentage error.
BFLX Background corrention (¢ — ¢,).
POLN Polarization P2 measured by the detector.
GFLX Flux gradicm €7 = PO, with percentage error «;.
S/T Signal-to-total rutio SFLX/TFLN.

J RUN NAME VIEW DIST TIME
deg cm min
21 802 CF252 0 55 435

ANGL AFLX TFLY SFLX BFLX POLN  GFLX S/T
13.1 1336 2568 2614 -46 1.119 1495 1.02
+/- 0.5 0.5% 0.5, 1.3% 0.010 0.9% 0.0:

J RUN NAME VIEW DIST TIME
deg c¢m min

22 245 Cr252 0 ~10 8

ANGL AFLX TFLX SFLX BFLX POLN  GFLX S/T
-1.3 23714 56202 65597 -9394 1.889 44789 1.17
+/- 0.3 0.8/ 0.84 2.1Y% 0.011 1.0 0.0z

J RUN NAME VIEW DIST TIME
deg c¢m min
12 817 ROT 45 200 51

ANGL  AFLX TFLX  SFLX BFLX POLN  GFLX S/T
9.9 1233 2197 2102 <4 0.917 1133 0.96
+/- 3.7 3.1% 3.6% 4.3 0.056 7.1% 0.04

J RUN NAME VIEW DIST TIME
deg c¢m min

19 812 UNK 0 1000 112
ANGL  AFLX TFLX SFLX BFLX POLN  GFLX S/T
27.5 112 157 123 35 0.306 34 0.78
+/- 22.3 5.0% 6.47 10.4Y 0.111 36.8% 0.08




Angle Accuracies. ‘The discussion in Sec. 3 of the polarized radiation ficlds resulted
i two predictions that can be tested against the meassirements. The first prediction was
that the observed polarization direction shonld correspond to the angle of the source lo-
cation. In Ref. 1. Moute Carlo calentations were made for two different source/detector
geometries, oue correspouding to incideut parallel beams (distant sources) and the other
to poiut (nearby) radiation sonrces. These calenlations produced standard deviations of
4.5° and 5.9°, respectively. from the trae valnes, ‘Turning to the present measureinents, the
experument was nnfortimately not designed to test the acenracy of the angle estimates, so
all sonrces were nowinally pliced at zero degrees. With the significant exception of the
ri with the rotated detector assembly., the data are a meaningfol test only to the extent
that the angle values are all consistent with zero. I this view. the present experinent with
lavge. distribnted sonrces at o single angle complements the point-source nieasurements
desceribed previonsty in Ref. 1. Por onr distributed sonrces, that is, omitting the two %2Cf
point-sonyee calibrations. the unweighted average auple is 1.8 £ 1.8°. For the point sources
of Ref. 1. measurements are available atl sonrce augles of [15° and 90°. Using the present
software, the corresponding measured angles sre 11 £ 5% and 88 £ 1°. in good agreement.
Based on these combined sets of weasnrements and simnlations. it is reasonable to expect
angle acenracies withiu ~5° for sonrces locuted near the cight symmetry planes (at 0°,
+90°. 180°. +£.15°. and £135°). As discnssed in Ref. 1. acenracies at other angles may
be somewhat worse becanse of multiple-scattering ind solid-angle offects. However, the
expected accnracies should he completely adeqitate for most practical applications.

Polarization versus Separation. ‘the sceond prediction of our conceptual polariza-
tion model concerped he relationship between the magnitude of the polarization vector
and the signal-to-backgronnd ratio for the local radiation field. which shonld both decrease
as the sonrce/detector separation increases. To test this prediction. Fig. 4.2 shows the
correlation between the sonrce separation and the measured polarization. Most of the
measarements for nearby sonrces are cousistent within errors with unit polarization. as
expected from our definition of the analvzing power A. An exception is the two calibration
points (solid symbols). vhich were obtained witl small sonrces placed near the detector (at
50 150 cur). ‘The solid eircle is the 220 measnrement: the solid square uses a nonweapon
2Py source. These stightly high Povabnes are assnmed to be a solid-angle effect associated
with the very short sonrce/detector separation. ‘The open symbols show measurements
made with varions distribnted sonrees. Simmilar svinbols are nsed for related objects, and
the thin lines counect measnrements made with the sae object but at different separa-
tions. ‘The first enconraging resalt is the five points ot large separations (1000-1200 cm),
whose measured P-values of 0.1 0.6 are consistent with the valne 2 = 0.5 expected for the
equal fluxes of sigusl and backgronnd at a separation of 10 m (see Sec. 3). The second
result is the set of three solid lines. cach for the same sonree at differept separations. which
have polarizations tlat clearly deerease as the sonree separation increases. On the other
hand. there remain two anomalons sets of rans that mnst addressed in a subsequent report
on the individnal weasnrements, First, the three points counected by the dashed line seem
to have the wrong separation dependence. bhnt iu this case the recorded separations are
not center-to-center distances but are measnred externally 1o i large container. Second.
there are three small squares at 200 e with Lirge nncertainties bat polarizations that
nevertheless appear to be somewhat too high. Overall. however, the clear evidence is that
poliarizations near I’ = 1.0 (R ~ 0.62) correspond to nearby sources. while P-values below
0.8 (R < 0.5) indicate sonrces at kirge separations,

Search Applications. A realistic example of the ntility of the directional information
is provided by a wmeasnrement with an “nuknown™ sonrce (Run 812 in the logs). (For
reference, this measnrement is indicated by o snperimposed sqnare-and-triangle symbol
in Fig. 4.2.) In this case. a sonrce at a separation ol 1000 cin produced an average flux
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at the detector (sce lable 1) of 112 neutrons/m?/s, which is only a few times the highly
variable background rate from neutrons gererated by cosmic rays.” Because of this large
nonstatistical uncertainty, it would be difficult to assert the existence of a radioaciive source,
much less its likely location, evenr with the 5% statistical error of a 112-min measurement.
However, few mechanisms exist to produce polarized natural backgrounds, so the jneasured
polarization of 0.31+0.11 is much more significantly nonzero, despite its larger statistical
error. Furthermore, in a search scenario the estimated direction of 28+22° provides a
reasonable heading for additional nreasurerients. 'Fhis possibility will be explored further
in the next section.

Discussion Given the coniplexity of effects snch as sonrce and detector solid angles,
neutron attenuation, and scattering between adjacent detector segnmients, the proposed po-
larization algebra may seem somewhat simplistic. Fromn our previous report,' we expected
that the most important directional inforination provided by a seginented detector would
be the angle of the iucident neutron flux. The interpretations and analyses in this section
and the previous oue indicate that source direction is only part of the larger concept of
a polarized radiation field, which carries both direction and magnitude information. As
demonstrated in this section, the polarization direction indicates the source angle, and
the magnitude indiciates the signal-to-background ratio, which provides an estimate of the
nearness of the radiation source.

5. SEARCH SIMULATIONS

Overview, The previous sections proposed thre concept of a polarized radiation field
and presented data to support the existence of both the field and a simple detector with
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suitable response. ‘This section addresses the usefuluess of the concept for improving the
performauce of seavches for adioactive sources. Qur evaluation is based on Monte Carlo
simnlations that inclnde four important features: (1) reasonable models of the source, back-
ground, detector properties, and counting statistics, (2) standard search parameters such
as integration tumnes, step sizes, an¢d success criteria, (3) detectors with various capabilities
for count-rate or directional information, and (d) search strategies that specify how the
information is to be psed. Althongh onr sismulations are intended to be realistic, we stress
that the emphasis will be on the relative performance of the different approaches, not on
the absolute source separatious or success vates.

Search Models and Parameters. Several asspmptions are comiaon across the
different simulations. All use step sizes of 4 m aud integration times of 60 s. All use the
actual detector’s frontal area of 300 cin?, average detection efficiency of 0.05, and analyzing
power of 0.62. ‘I'he sonrce eission rate is 10 nentrons/s, and the uniforin background
connt rate is 2 conmmts/s. This backgronud rate. which is more than ten times higher
than our maximu measured rate, hias been inereased Vecause our subtraction of random
coincidence rates contribuntes a statistical nucertaimty whose precise effect is difficult to
estimate. Becamse mmcel of onr cmphasis will be on differeaces between the directional
and nondirectional strategies, it is important to point out that our simulated four-rod
directional detector is assumed to have the same vobime as the equivalent single-element
instrument, that is. the single-rod detector has four times the connt rate of each element of
the multirod detector. Another critical assnmption concerns the simple relation between
the polarization of the radiatiou field and its S/ B valne: P = S5/(5 + B). Finally, in all
cases the statistical nneertainties are given by squnare root of the total number of detected
counts, T'= 9 + I3

Information and Strategies. In distingnishing among the different cases, we as-
sume that the detector can provide the types of information described in our discussion of
polarization algebra: the average flux ¢, the polarization magnitude P, the flux gradient
G = P&, the two polarization components ( P,..1,), and the polarization direction 8. For
the latter two directional searches. referred to as P, and 6, cach individual measurement
provides a heading for a new scarch. Specifically. for a 8 scarch, cach 60-s nieasurement
is followed by a d-m step in exactly the direction given by the estimated source angle.
For a P., search. in the detector coordinates the x and y components are essentially the
front/back (2) and right/left (y) asymmetries. ‘T'hus. a positive P, value results in another
step in the same (forward) direction: # negative I, value rever<es direction; two successive
neg»tive Pr measnrcuients cause a step to the left or right, depending on the sign of P.
The other approaches are similar to the /%, strategy. but they depend on a change (a A)
between surccessive imeasurements. b snelt A searches, whether using ®, P, or GG, a positive
A causes a step in the same direction: a negative A reverses the direction: two negative
A's cause a step 90° to the right. Finally. for comparison an additional calculation was
run asing a “no-detector” strategy V. in which eiach step is taken in a random direction.
Note that ouly the # and N searches can move diagonally: all others are constrained to a
rectilinear scarch grid with an arbitrary angulay orientation.

Search Durations, Simple Case. ‘lointrodnce the scarch simulations in the simplest
possible context. onr first set of runs neglects the effeet of connting statistics. (As such, the
no-detector N case is omitted.) Figure 5.1 shows that the results fall into three classes
that depend only on the conseynences of the search’s diagonal or rectilinear grid strategies.
‘The angle search (#) reaches the sonrce in the minimmmn time: for example, using 4-m steps
to approach within & m of a source at 55 m requires (55 — 8)/4 = 12 steps or 13 separate
1-1nin measurements. Because the A strategies depend on the results of two measurements
and must move along a rectilinear grid. thev resnlt in longer searches. However, without
statistical uncertainties, all are based on equivalent “perfect™ information and all obtain
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Fig. 5.1. Average duratijoys for scarclies without statistical uncertainties.
The varions strategies collapse into only thrie different cases.

the same result. The P, strategy is an interinediate case; it moves on a rectilinear grid,
but it requires only a single measurcment and always turns to the left or right correctly.

Success Reates, Simple Case. Only for the 8 scarch does the detector always reach
the sou: . 1n exactly the minimum number of steps; all the rectilinear cases obtain a range
of durations that depend on the particular stiarting angle (which is chosen randomly).
Some starting angles happen to achieve the minimum value of a @ search, but most take
far longer, and the spread between the shortest and longest durations increases as the
separatior increases. This range of values can be expressed in terms of the search success
rate as a function of search duration, as shown in Figs. 5.2a,b for source separations of
10 m and 34 m. lor example, if a swuccess rate of at least 80% is specified, at a 10-m
separation the 8, I’;,, and A approaches reguire durations of at least 2 min, 3 min, and
5 min, respectively. The corresponding values at »1 18 m separation (not shown) are 4 min,
5 min, and 7 min; the 34-m values arc 8 min, 12 min, and 13 min. As suggested by the
slopes in Fig. 5.1, the differences reinain about the same as the separation increases.

Search Durations, with Statistics. As should be expected, including the effect of
counting statistics profoundly increases the complexity of the calculations. Most impor-
tantly, it now becomes possible for individual scarches to fall into a “randosn walk” that
has a negligible chance of finding the source. ‘to avoid this possibility, an additional rule
is invoked that returns the detector to its originul location if its net displacement reaches
1.5 times the source separation. The search is then continred, but starting in another ran-
dom direction. The search durations froin these simulations are illustrated in Fig. 5.3a.
There has been a dramatic increase in the time required for niost cases, aird there is now

a clear ordering to the major strategies: 6, Iy, ®, G, P, and N. Note that the time.

dependence for the random, no-detector (N ) search is almost a straight diagonal line. On
our double-logarithmic plot with three decades for time and one decade for separation, this
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result fimplies a powir-law proportionality (¢ x 1?) between the search time 7' and the
separation distance 1) (the exact exponent is 3.26). This third-order depepdenee has been
observed empirically o actnal searches for tadiation sonrces.

Search Substrategies. Por cach of the X strategios (@, G, and P), two substrategies
were considered. Ty oue casel gecount wir kept of the “absolute™ best value obtained
thyoughout the search. mud decisions were reforenced to changes from this value; in the
other case, only the “relative” change hetwveen two immediately sequential measurements
was considered. The comparisons in Fig. 5.3b reveal a cansistent distinction between
these two substrategies. ‘The light aud heavy lines of each type indicate the two cases:
the light line cousiders ouly sequeptial, relative changes: the heavy line references the
absolute best valnes. Vor situations with goad statistical accuracy (short scparations),
the conservative approach of the absolnte comparison provides an advantage. With poorer
statistics, however. this conservatisi sinply constrains the seareh to an unprofitable region
and therefore greatly decreases the siceess rate at Liger separations. ‘Thus, the relative
substrategy usmally lis the advantage. and its resalts are the ones shown in Fig. 5.3a.

Success Rates, with Statistics. 'The eflfect of statistical nncertainties on the seccess
rates at diflerent senarztions is shown in Figs. 5.4a-b. The different line types again
distinguish awoung the different wajor strategies. which ocenr in the same order: 6. Py,
¢, G, P, and N, The contribntion from connting statistics has significaitly increased
the differences in duration between the varions strategios.  Even at a reasonable 18-m
separation. ackioving an 8% snccess rate requires at least the following search times: 8,
G ming Py 9 ming b0 13 min: 029 nrin: and P, 44 min. (For the randour search,
N the time dnration for an 80% snccess rate is bevond the maximnm value recorded by
the calenlations.) Also. the different substratepies (lght aud heavy lines) again show the
dependence o good statistics: for example. all the absolute strategies fail completely at
greater than ~ 30 1 {(see Fig. 5.3Dh).

Limited-Duration Searches. luspection of the shapes of the different success-rate
curves in Figs. 5.1a ¢ snggests that achieviug the highest riates requires iereasingly pro-
hibitive darations. Becanse searches with no time restrictions are nnrealistic, an alternative
constraint was nsed to limit thre time allowed. At each separation. a snccessful scarch skould
reach the sonrce i i reasonable unmber of steps. perhaps three times the miniimum number
expected for each combination of separation and step size. For example. witlr 4-m steps
the direc approach 1o a sonrce at 20 m wonld take 5 steps: we therefore allow 15 steps, or
15 min. Similarly. a source at o separation of 80 1 is allowed 20 x 3 min, or 1 hr. This
preseription provides results that atlow the dependence of snecess riate on separation to be
shown ou a single plot for all strategies. Figure 5.5a shows snch @ plot. which compares
the two substrategies for the three A cases and again shows that comparing with the ab-
sohite best values succeeds only at the closest separations, Figure 5.5b. which therefore
includes only the relulive snbstrategies for these cases. shows thar an S0% success rate is
achieved for the ¢ und ¢ searches ouly for sonrces within separations of 10 m1 and 14 m.
For the Pry and 6 scarches. the corresponding separations can be extended to 22 m and
30 m. respectively, This advantage in directionality is also supported by Fig. 5.5¢. which
shows the average daration of the suecessful searches from Vig. 5.5a. As in our first figure
in this section (Fig. 7.1). the diflerent stratevios full o three major categories. but now
with differences that slowly disappear as the separation increases.

Relative Advantages. The buprovements in scarch performance provided by the
directional information are summarized in Figs. 5.6a,b, which are calculated from the
results in Figs. 5.3a aud 5.5b. Because a conventional search uses the intensity information
provided by a single-clement detector, referred to as a @ scarch througlout this section.
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we have normalized the performance of all other strategies to this couventional case. Fig-
ure 5.6a shows the advantages in scarch duration. which are typically a factor of 2 or more
for the most directional strategies (6 and F;y) and a factor of 0.5 or less (that is. a dis-
advantage) for the less directional cases (G. P. and N). The effects increase at larger
separations. Similar results are scen in Fig. 5.6b. whicl shows the advantages in increased
separation as a function of the specified success rate. In either figure. it appears that the
additional inforination coutent of the 8 and Py, scarches is a significant advantage, one
that outweighs the loss in statistical accuracy caused by splitting the count rate across four
elements. For the A cases of the (G and P scarches, however, the statistical disadvantage
apparently outweighs by the smaller advantage in information content.

Summary. Although computer sinulations cannot take the place of actual measure-
ments, the calculations in this section have provided a valuable first look at the behavior of
different search strategies. Considering that at cuch of the 1.1 separations. the unlimited-
duration studies involved 1000 trials and the hmited-duration cases included 10000 tri-
als, the simulation approach represents the only realistic possibility for providing a quick
overview of the scarch problem. If desired. subseqnent investigations can allow even greater
flexibility by including. for example. clranges in paramseters sneh as search times. step sizes,
and detector areas. Such studies are especially useful becanse of the strongly nonintuitive
behavior of searches that include randomness at different levels. such as statistical count
rates and arbitrary choices of angles or starting lacations. For example. the general ad-
vantage of the relative substrategy over that based on comparison with the best previous
result is a statistical effect that was completely unexpected. Examining the trends from
several calculations can therefore lead to important new iusights. such as the central role
of success rates in connecting search durations and separations. In our cases, these insights
are represented by the final figures (Iigs. 5.6a,b), which allow a clear comparison of the
relative advantages of the various strategies in different situations.
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Fig. 5.6a,b. Relative advantage provided by alternate search strategies,
normalized to the results for a standard intensity search (®). The upper
panel (part a) shows ratios between average durations for searches with no
time limits (from Fig. 5.3a); the lower panel (part b) shows ratios between
the required separations for limited-duration searches (from Fig. 5.5b).



6. MISCELLANEOUS DIRECTIONALITY APPLICATIONS

Overview. 'T'his section describes two additional examples of the type of information
provided by segutented detectors. “T'he first application exploits the relationship between
source separation and polarization magnitude (see Fig. 1.2). which can be combined with
the polarization direction to estimate the location of a suspected sonrce. Fhe second follows
from the calenlations in Ref. 1 for segmented nentron spectrometers, which snggest that
comparisons between the spectra measured on the front and back sides of the deteetor can
be used to estimate a background-corrected energy spectruun,

Estimated Source Locations. Por simplicity, the search strategios described in the
previous section mike only limited nse of the counection between the measnred polarization
magnitude and the estimated sonrce separation. which conld be nsed. for iustance, to vary
the step size or integration time. Establishing the basis for snuch an approach is our first
application of directionality, For an initial investigation, we define air inverse polarization
as P' = 1/ P, which has back/front (P) and right/left (Fy) components given by

Pr=1eost, I = I"sinf

(dPL) = (P'sindd8)? + (d ] cosd)?
(d1) = (I costdf)? + (d1"siub)? .

With this transformation, sonrces at “moderate” separations (comparable 1o the deteetor
or sonree sizes) should be located near @ apit cirele (17 = 1.0). those far enongh away
to produce significaut scattered backgronuds shonld be well ontside the circle, and those
close enough to canse solid-angle distortion should be inside the circle. Figures 6.1a,b
ilhustrate the results of this approack. With the detector located at (0.0 the circles are
plotted at the (1”7, 0) positions calenbated from the inverse polarization valnes: the radir are
statistical errors. "Phns. the circles show the expected sonrcee locations and smcertainties.
As expected. almast all the sonvees are pliced directly in front of the detector: the line at
4.811.8° indicates the average sonrce angle. ‘o indicate the separation information. solid
circles are nsed for sources whose trne sepavations are at 2 5 m: dashed circles are used
for more distant seurces (>5 ). and detted circles are for very close sources (<2 n1). As
expected, in Fig. 6.1 all the distaut sonrces (dashed circles) have large inverse polarizations
(above 1.25). An cularged view for the nearer sonrces is shown in Fig. 6.1, aloug with
three ares that represent the range of A-valnes expected frour the caleulations of Ref. 1:
most of the measurements fall within these himits, The anomatons cases (dotted circles
with normal /' values. solid circles with small 1" valnes) are the same ones pointed out
previously in the discnssion of Fig. 1.2, Thas. the combination of the polarizatio» angle
and magnitude, that is. the polarization vector. may provide a nseful estimate of the source
location.

Separation Distances. The next step in correlating the measured polarization with
the source location involves estintating the sonrce separation D from the inverse polarization
P’. Inspection of the correlation for the present diata set reveals that au empirical relation
is provided by

D, = acl’

with a = 1500 cm and b = 2.8 for the present data. The results are shown in Fig, 6.2,
which plots the estimated separation D, versus the actval sonrce distance (D. given by
DIST for the cases in Table 1). With the exceptions described near the end of Sec. 4, the
agreement between the true and estinated separations is convincing. Although our partic-
ular parameters and functiomral form suay be accurate only for the present nieasurements.
a similar approach should be appropriate in other sitnations.
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Background Corrections. ‘Tl socond application of segimented dotectors is their
use for estimating backgronnd correctious for the measnreil cacrey spectra deseribed in
Ref. 6. br this applic.tiou the detector is divided unto pairs of frout aud rear rods. which
should include different amonuts of directianal signal and scattered backgrowud. Several
approaches scett 1o he reasouable. The stplest calenlation, o frout-rod spectrmn. nses
only the two rods facing the sonree and neglects those fucing the oppesire direction. Next.
an asynme try approach exploits the polarization argment to assert that the largest R-
values (1rear (0.8) cortespoud 1o fully directionsl fluxes wirlh no ~cattered backgronnd (as
fer a nearby sonrce). while B = 0 snggests ap omuidirectiopal seattered flinx (as for a very
distant source). I an attempt 1o avoid yestriction to onr particular situation (and also
serious oversubtraction for nearby sonrces with It ~ (.8). we have expressed the dependence
in terms of Ure asytnetry 12 not the polarization 12, Scaling the average front-rod flux by
a factor f, = (R[04 gives an estimated correction

0, = f‘:(‘-’l + ':'.')/.—) .
Additional studies will be needed to test the acenraey of thie empirical preseription.

One-Sided Corrections. Next. there are two gac-~idod approuches disenssed i Ref. 1,
which nse either eneray independent or cuergv-dependent corrections. Tl - nnderlying as-
sumption is that a scattered flux is mainly incident o the detector from the rear and leaks
through into the front rods. The more general energy-depemlent correction proceeds as
follows. A« the nentran cnergy incrcases, so does the trausmission of backgronnd through
the detector from rear to front. Fhe Monte Carlo calenlations in Ref. T snggest transmission
values of 0.22. 0.33, 0..41. and 0.55 at 1. 2. 1. and 8 MeV: when fitted. these values give the
function

”] = f(l‘:)Or =011 (IOg;)IZ) (Qi + 01)/2 .
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‘The background-subtracted front-rod yield is then
Gy =y~ By =(r +¢2)]2- By .

As shown in Ref. 1, this subtraction rednces the front-rod detection efficiency by fractions
of 0.01, 0.074, 0.138. aud 0.296 at the four energics, which can be corrected by dividing ¢,
by g(F) = 1.02 — 0.038, that is. the background-corrected front-rod yield ¢y, is

¢1. = (@ = [(E)@,)]g(F) .

‘The more limited energy-independent case proceeds in the same way, but substitutes con-
stant values f(F) = 0.5 and g( L) = 0.7%:

O1e = (05 — 0.5,)/0.78 .

Transmission Corrections. ‘Fhe two final transmission corrections are similar to the
one-sided approach. except the detector is assnmed to be subject to a strong directional
signal flux with a weak ommpidirectional scattered backgronnd. A kpown fraction of the
directional flux is trausmitted from the front into the rear rods; subtracting this predicted
leakage from the measured rear-rod flnx provides an estimate of the assumed isotropic
background, which cau in turn be subtracted from the front-rod flux. In this approach the
transmitted flux, the isotropic backgronnd. and the corrected yield are:

'I' = f( I',‘)(l:ll + 4:)2)/2

B, =(o1 4 (‘)4)/2 -7T.
0[1 = ('..)] - I}f) .

Again, the energy-independent case substitutes a constant transmission value:
T, =05 (0 + (,‘)2)/2

B, =(o1+0y)/2-1,

(:).}' = ((:)] - I}f) .

Average Correction. LEach of these six approaches gives a reasonable background
distribution. We have therefore averaged the resnlts together and added their variance to
the statistical error to estimate an overall systematic nuncertainty. Because the front-rod
(no-correction) and one-sided approaches are supported by previons studies. these results
were given more weight in the averaging. Figure 6.3 shows the corrected spectrum ¢, ob-
tained for the ***Cf calibration run. As discnssed in Ref. 6. the agreement with the expected
fission distribution is very good at all energies above the detector threshold near 1 MeV.
For this particular case. the background-subtracted result is almost indistinguishable from
the original front-rod spectrun. both in shape and magnitude. In fact. the correction in-
creases the area by aboirt 1.39%: this increase is within the generated uncertainty, which has
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increased to 1.3% from a statistical error of 0.5%. This conservative correction is reasonable
in view of the relatively favorable geometry used for the calibration measurement.

Background Systematics. 'To sunmmarize onr background discussion. Fig. 6.4 shows
the observed relationship between the signal/total ratios S/7T and the ineasured asymme-
tries R from all the data. As expected, lower K-values correspond to larger background
estimates and lower §/7" valnes. Most of the measurements are clustered in a narrow region
near the calculated range of R-values. The S/T ratios for some runs (including the cali-
brations) are slightly greater than 1.0, becanse some source separations are so small that
solid-angle effects lead to high asymmetries. The dashed line shows the empirical function
S/T = 1.1RY*, which is constrained to pass through the predicted value of 1.0 at R = 0.62.
Note that the lowest S/T ratios of 0.8-0.9 correspond to S/B values of about 6:1, which
are much higher than the 1:1 ratio estimated in Secs. 3-1. This difference is associated
with the wider range of background estimates included in the average value obtained in
this section.

Discussion. The two applications described in this section are based on the polarization
analyses in Sec. 4 and the earlier calculations of Ref. 1. Both discussions are constrained
by the limited range of variation in the present measurements, which were not originally
intended as a study of the detector’s directional capabilities, and additional experiments
will be needed to examine the reliability of the different techniques.
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7. CONCLUSIONS

Polarized Fields and Directional Detectors. By combining the basic directional
concepts introdirced in Ref. | with a Hmited set of measarements for realistic neutron
sources, this report has developed an nuderstanding of the advantages of directional mea-
snrements for the location of sonrces of nuclear radiation. After the brief review of the basic
detector operations in Sec. 2. Sec. 3 introduces the coneepts of polarized radiation fields
and directional radiation detectors. which provide a novel approach to the critical search
problens of distingnishing between signal and backgronnd. in both the present approach
and in conventional techuiqnes. it is the gradicut of the radiation field that provide: the
sonrce signatere. I a conventional approach. measnrements at different locations, with
the attendant differences in backgronud rates. are wsed to deterinine this signature; our
approach measnres the local gradient at a single position and therefore eliminates much of
the backgronnd problem,

Mathematical Formalism and Experimental Demonstrations. Our concept of
a polarized radiation ficld leads to two important predictions that connect the polarization
direction with the sonrce angle and the polarization magnitnde with the local signal-to-
background ratjo, aud hence the sonrce separation. lu See. 1. we develop the techniques
for expressing these coucepts in terms of measurable quantities by adapting the formal-
ism used for polariziation observables. and we provide the experimental verification of the
predictions by taking advantage of an existing prototype detector and the data sets from
previous experiments. With this foundation we can readily demonstrate angle accuracies
within £5° for both point sources and distributed objects. I Secs. 4 and 6 we also show
that the polarization magnitnde not only changes with increasing sonrce separation: its
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value may even provide i reasonable estinpite of the distance to the sonrce. As with the
backgronnd corrections. howoever, the quamtitative investigation of many of these issies can
be improved significantly with fucthey measarements that are specifically intended to ad-
dress the directional characteristies, Furally. the Moute Carlo stinmnlations of Sec. 5 provide
an intrigning first loak at the relative advantages of directional approaches over conven-
tional search techniques: the directiapal approaches gppear to improve eithor the search
range or tune duration by abont a factor of two,

Further Work. ‘I iree additional stndies are nuderwiay to complete the analysis of the
mocknp measurements and address isspes riised i the present report. irst. a subsegnent
paper will discuss the comparison between the individnal preasnrements and computer
shimnlations of the expscted emission spretya. Second. we stress that most of the directional
technignes developed i this report apply equally well to any detector of nentral radiation,
inchnding gamnna-ray instruments or the polyethylene-shielded “le connters comumonly used
for nentron connting.  For exauple. by simply replacing, the single *He tnbe with four
separate tubos, it nis hie possible to obtiin botly direetional information and the standard
nentron flux. Finally, the spectroscopic and directional capabilities of the present detector
can in principle be combined. A single fonr-rod instrnment could antomatically nse the
local intensity and poliarizition to determine whether a sonrce is present, nse the calenlated
sonree anple to select the likely “Tront/biaek™ detector artentation. estimate the hackgronnd
correction 1o the measured nentron spectrom, and then apalvze the corrected spectrnm in
ternis of the shape parianeters of a standard hission distribution. All of these functions could
be performed in real tinre nsing the same set of four single-rod spectra, just as demonstrated
by the amalyvses in thi- divectional roport and its companion spectroscopic study.” Such an
instrnment shonld be applicable to g wide range of radiation-detection problems.
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