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ARSTRACT

A fast colncident neutron counter uslng
liquid scintillstors snd qasma-ray/neutron
pulse-shape discrimination has been conatructed
for the snalysis of plutoniwm samples with un-
known self-multiplicstion and (a.n) production.
The counter was used to measure plutonlum-bear-
iag materials that ccver s range of masses and
(a,a) reaction rstes of importsnce to the ssfe-
gusrds community. Measured values of the 240p,
effective mass dlffered, cn average, from thelr
declsred values by 0.4N for plutonium oxzldes
and by -2.2% for metal and MgO-loaded samples.
Poorer results were obtained fo: msterlale with
large (a.n) reaction rstee and low self-multi-
pllication such as plutonium ask &nd plutonlum
fluoride.

I. INTRCDUCTION

For plutonium-besring materials thst undsr-
9o (a,n) intersctions, such aa oxides, metal
with oxide coatings, salts, and rssidues., the
pinsent generstion of thermel neutron colnci-
dence cuunters often gives lnacrurste esssays,
This inaccurecy occurs because thermal counters
now measure unly two quant.itles. corresponding
to coincident end total neutrons, and csnnot
unlquely epecify the plutnnjum mass for samples
with unknown sslf-multiplicatlon snd (a,n) reac-
tlon rates. Fast neutrun cnincidence countars
using liquld o:r plastic scintlllators !eve the
cspability 3f couuting more than two quentities
and can potentisliy aseay theee maderisl!s. But
fsst counters hsve eeen limited application he-
csuee of the sensitivity of the s intillatore to
gamma rays. Gurrently a fast aneutron counter
ueing liquid <cintillators and gamme-ray/neutron
pulse shepe diecriminetion is bheing develope’
and evaluated for tie non- deetructive eeeay of
impure plutonium materiale. The counter c¢an
detect triply coinrident neutron evente in addi
tion to doublee ~nd singles. but {s not limired
by the gamma-ray reeponss of tha .cintillatore
Thie type of counter mey provide a direct solu-
tion to the meaeurement prolilems aeso-iated with
eelf multiplying, impure plutonium samplee.

In thls psper, the prototype fast neutron
counter and the data analysis employed for the
measurements will first be descrited. Then the
types of plutonium-bearing materiils that have
been measured with thie counter aid the results
of these measurements will be disussed. Last-
ly. some concluding :zemarks on these resulte
and recommendutions for futvrc :ounter design
will be given.

IXI. MEASUREMENT APPARATUS

The prototype fast neutron counter (Fig. 1)
consists of four 10.2-cm-diam )y 10.2-cm-deep
NE-213 or BC-%01 liquid scinti!lator cells sur-
roundlng a 12.7-cm-square samp!c chamber. In
one conflguration, sll Jour celle sre et the
sama height and the chamber 1ls 23.0 cm high. In
a second configurstlon, two of tne celle are po-
sitioned from 10.2 cm to 20.3 cm higher than the
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Fig. 1. Sample chamber and prototypa fast neu
tron vounter for plutonium analysin,



other two to desensitize the detector %o varia-
tions in sample fill height. The chamber height
then ranges from 38.2 to 48.3 cm. Lezd lining
of 2,5-cm thickness surrounds the chamber to at-
tenuate the gamma-ray flux from the samples.
The top and bottom of the chamber are lined
with 2.5 cm of nickel,

High-gain phototubes procees signals from
the cells and direct them to pulse-ehape dls-
criminators! that dietlnguish between neutrons
and gamma rays. The diecriminators are current-
ly adjusted so that che absolute efficlency of
the counter ie 4N ¢t~ 8% fcr fieeion neutrons,
depending on the chamber configuration. The ab-
solute efficiency for counting l-MeV gamma rays
is about 0.8% to 1.6%. We measured gamma-ray
breskthrough, that is, the number of pulses from
8 strictly gamma-ray source that are counted as
neutrons, to be 1N at 20 000 gamma rays/s for
these discrlminators. The threehold level |in
the discriminators is adjusted so thst pulses
with energies .ess than 60-keV gamma rays are
rejected. Totsl discriminator processing time
for a single pulse ie about 500 ns. The coinci-
dence logic circultry consists of conventional
fast timing modules and has a resolving time of
30 ns, Single, double, and triple coincldence
events are measured and a minicomputer analysis
of these data is ueed to obtain sample mass,
self-multiplicstion, and the rstio of (a,n) to
spontansous-fission neutrons. The number of
gamma rsys and accidental doubles are aleuv meas-
ured but the gamma-ray information is not used
in the analysis.

III, DATA ANALYSIS PROCEDURE

The coincidence events must be corrected
for 8 number of effects before the sample
characterietics can be determined. Table I sum-
marizes theee correctione and their magnitudes.
For most samplee, the correctione are small, on
the order of several percent. For large sam-
plee, the subtractlon of accidental colncidencee
ls not neqligible, but the ratic of accidental
to real coincidences ie still 3 ordere of magni-
tude less than for thermal neutron coincidence
counters. The eample (flll-heiqht cuirection
and the normalisation correction for inetrument
drift could he reduced in future faet counters
by using more detector cells and stabllizing the
photomultiplier tube gain.

The multiple scattering correction is im
pottant for eamplee with very high (a.n) yieids
becauee the single neutron emission rate is (igh
compared to the doublee rate. Multiple scatter
ing of neutrons from one Jeteutor to another i'an
then cauee an appreciable enhancement in the
doublee rate. Corrections to *“he vount rates
warw computed from formulas baesd on an equation
Jiven by Murakami.? For this pratotype detec
tor, the muitiple mcatreting fraction (s coughly
1N Yo I\ depending on the aeution enerqgy.

TABLE I

FAST NEUTROM COUMTER DATA CORRECTIONS
AND THEIR MAGNITUDES

Range of
Magnitude
Data Correction (%)

Background eubtractlon 0.1 to 1
Accidental coincldence subtraction 1 to 50
Deadtime correction 1 to 2
Sample flll-height correction 1 to 15
Normalizarion correction 1 to 10
Multiple scattering correcticn 1 ¢o 50
Pileup correction 1 to 50

The plleup correction is large for highly
multlplying metal buttons where the neutron fle-
sion chaina sre long. Twenty to thlrty prompt
and induced figsion neutrons and gamma rays may
be emitted within a few nancetconds in these
chains, If two Or more neutrons o~ gamma rays
enter one sclntillaror., the pileup circuitry in
the pulse ehape discriminator will reject the
event, This is an example of a ccunt-rate cor-
rection that is worse for s fast counter than
for a thermal counter bacause he flesion neu-
tsons and gamma rTay:c are €0 cClose tugether in
time, The correctlon factor lnvoivee a summa-
tion over all orders of fission chsine.

After applying corrections tn the data, the
three co. € rates, S (singlee), D (diubive), and
T {(triples), are used to obtain the three un-
known parameters: effective 240py mass. m: the
ratio of (a.n) to spontanevue-‘ieeion neutrone,
a) end self-multipiicaticn, M. Thie procedure
requires an {terative solutlon of tne following
three equatione:

m o« D/KME [1 v 2,11 (M - 1)(1 » @)} , (1)

(1 » a) « rg S/KMm , 2)

and

MY 0 [-1.R22 ¢ 0.4739/(L + a) M2
o [0.822 - 0 1215 0.41%/(1 + ) ]M

e [0.123%¢ 0.058%t/(1 » )] » 0 , 1)

whace K -+ linear ~alibrarion constaat.
Fg v Dy (1 v mg) 8.
1 + T/Dty. andg
ty = TI)/“()‘



Use of a nonmultiplying sample provides the ref-
erence values ag. Sg. Dg., and Ty, Equation (1)
for m and Eq. (3) for M are derived from K.
Bohnel's equations for the reduced moments of
the neutron multiplicity distribution,?

1T, PLUTOMIUM SAMPLES

Plutonium-bearing materials that repreeent
a raage of (a,n) yields and plutonium mass of
intereet to the eafeguards establlshment were
selected for measurement. Samples of plutonium
metal, oxide, fluoride, ash, and impure oxzide
with high-Mg0 content were measured ln quanti-
ties ranging from 1 to 150 g of 240py, The ma-
terial was contained in 0.16-cm-thick steel
cans, which were posltioped on a pedestal 6.0
to 10.0 cm above the chamber floor depending on
the configuration. Table Il lists the types and
quantitles of materials measured.

v, MEASURIMENT RESULTS

Values for the 240py effective mase were
determined using a single-pcint, strsight-line
calibration and 1 000-s countlng times. Ta-
»le I1I showe the resulte of the Adsta snalysle
for plutonium oxide samples along with previoue-
ly ascertained values o7 a, M, and m (detor-
mined by calorimetry and Monte Carlo methods)
and the percent dlfference between the measured

TABLE II

MATERIALS USED IN TEE PAST NEUTRCH
COUNTER ANALYSIS

240py Mass Total Pu
Material {q) {q)
Pu oxide 2 - 150 20 - 880
Pu oxzide with MgO
(450-600 g of MgO) 7 - 15 120 - 240
Pul, J - 18 S0 - 1300
Pu metal 34 - 116 285 - J00
Pu ash 7 - 29 -

and declared mass values, Table IV presents
thess same quantities for the measurements of
impure oxides (containlng MgO), metal, ash, and
Pufq eamples. The percent difference between
the measured snd previously determined mass val-
ues aversged 0.4% 2 ).1N for the oxlde samplew
and -2% 2 10% for the impure ozide and metal
samples.

TARLE III

FAST WEUTRON COUNTER MEASURKMENT (MEAY) RESULTS AND DECLARED (DRCL) VALUES
OF a, M, AND m POR PLUTONIUM OXIDE SAMPLES
(The percent differeace between the measured and declared mass values
is given in the last column,)

Declsred
Plutonium Declared Declared m
Type 1 M (g)
Oxide 0.60 2.0
0.60 1.4
0.60 14.8
0.60 29.7
0.61 1.046 4.4
0.59 1,056 65.0
0.60 1.061 8l1.4
0.60 1.061 8l.4
.40 1.0l18 10.1
0.40 1.018 10.1
0.40 1.036 29.3
0.40 1.054 54.4
0.40 1.0%4 54 .4
.40 1.0%9 65.2
0.41 1.071 2.2
0.41 1.071 92.2
0.40 1.07% 104.6
0.40 1.088 144.5
0.40 1.090 149.,2

240m 240"‘
Meas MEAS LECL
' Meas Meas m NOm
Q M (q) DECH
0.84 0.992 1.9 -3.0
0.79 0.9v4 7.1 -3.9
0.77 1.009 15.% 4.4
0.76 1.022 30.5 +2.8
0.77 1.039 42.7 -1.5
0,73 1.014 65.3 v0.4
0.73 1.04) 79.9 1.y
0,6¢ 1.058 81.6 21
0.39 0.99) 9.9 £.5
0.38 0.992 1V0.5% 4.4
0.39 1.004 29.17 o112
0.42 1.J19 53.1 2.1}
0.42 1.017 53.% 1.6
0.40 1.026 84.5 1.0
.46 1.016 ul.5 H.1
.40 1.042 96.0 4.1
0.4} 1.042 102.7 1.4
0.40 1.048 142. 8 1.2
0.18 1.0608 157.% e L)



TABLE IV

PAST NEZUTRON COUWTYRER RESULTS AND DECLARED VALUES OF a, M, AND =
POR IMPURE OXIDE. METAL, ASH, AND PuF, SAMPLES
(The percent differeace between the measured
and declared mags valuee ie given in the laet column.)

Declared
Plutonium Declared Declsred n
Type a M o
Impure 4.75 1.019 7.7
Oxide 2.78 1.034 15.3
2.78 1.034 15.1
Metal >0 - 345
0 1.480 57.7
0 1.960 115.6
Aeh - - 10.8
- - 20.3
- - 16.9
- - 18.2
Pulf, -100 - 3.0
-100 - 18,0

240 240
Meas MEAS DECL

Meae Maas m 240
a M (q) DECL
5.11 0.994 7.2 -6.5
2.9 1.002 16.0 4.3
2.98 1.010 16.3 +6.3
0.7 1.217 27 .4 -20.6
-0.01 1.517 58,4 +1.6
0.14 2.9000 117.4 '1.6
1.6 0.999 13.6 +26
7.4 1.018 22.1 +8.9
5.02 1.023 27.2 v61
7.7 1.019 21.0 ' 26

102 1.011 1,03 -

23 1.008 66,4 +370

?Mage wze asiumed to be 3.0 g for instrument calibration.

Measured values for the self-rmultipllcatlon
and (a,n) ratio were not determined as accu-
rately as sample mass. The vslues for M -1,
which is related t2 the fiseion probability,
typlcally differed by 506 from values obtained
by Monte Csrlo cealculations, Meagsured values
for 1 + a, the total sample neut.on yield, gun-
erally differed by 10% from known values. Not
included la the averages above sre measurements
of the ash and Puf, ramples, which did not give
correct aseays. The multiple scattering correc-
tlon is not yet suflficiently underztood tc aseay
samples wlth such high (a,n) yields.

The accuracy of the measurements ie depict-
ed in Fig. 2, which grapha the percont mase dif-
ference ar a function of Opu mase for onide,
metal, and impure oxide eamples. ‘'a) es for Lje
ash and Puf, samples are ncot shown because thay
40 not conform to ths scale of tne grara. The
graph indicates rhat more than B80% of these
moaeured maee values fall withln £5% of their
calorimetric values. For eamples with less
than 15 ¢ o»f 240py, there is a trend toward
sllghtly larger percunt dlfferences.

Measuremant groclolnll ie shown in Fig. }
Ae a funetion of 240py arfective mags with eam-
ples cateygorized accoiding to their a ratio.
The figure indjicates e loee of precision that
sccurs with increases in a and aieo reveale the
decreased meaeuremont reproducibility for low.
mase samplies because of thelr reduced vount
ratee. Roducad reproducibility also accounts

for the slightly higher percent mass difference
ratios for the low-mas- samples seen ln Fig. 2.
The relative srandsrd deviation (RSD) for all
eamples with masses .ie=s than 12 g was 8.2%;
while for samples with mass greater than 15 g,
the RSD was 1.6%, Figure ) also lndlcates that
the RSD inqreases for large metsl samples,
(@ = 0) after a mloimum st about 70 g. Thle
may be due to pulse plleup at the higher count-
ing rates for these samples. The results can
be compsred to those found by Krick and Swan-
sen*'5 who have developed a novel thermal neu-
trom counter using multlple 3JHe detectors and
shlft-register coincidence circultry. The com-
parison indicates that, for samples with small
amounte of 240p,, the thermsl counter prodnces
more preclse measuremente thsn the faet counter
described here. This occure becauee of the
greater absolute efficiency of the thermal
counter. However, for larger mass values the
thermai counter has poorer reproducibility for
some msteriels because of uncertaintiee in un
folding data from the many 3He tubes at highe:
count ratee.

VI, CONCLUSIONS

The gqoal of a fast neutron counter iy to
correctly determlne the plutonium content of
any sample without prior knowledge of ity self
multiplication or (a,n) rate. The prasent pro
totype meete thie gqoal to within 5% for many
in-plant materiele containing mure than 1% g »f
240py,  ror materials with high (a.n) yields aud
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low self-multiplication such as plutonlum-bear-
ing aeh or PuFy, however, the sample mesece
meagsured to date are in error by 10N to 50%N or
more. This le probably du. to the large and in-
completely understood pileup and multiple scat-
terirg correctionas.

To incraaee the accuracy of the fast neu-
tron counter for in plant materials, improve-
ments are needed in several areae. The :ounter
deeign can he improved by adding more Jdetect rs
to flatten the vertical efficiency profile and
teduce the pileup correcrion. Mesguremants with
a variety of (a,n) sourcee are needed 10 better
derermine the wu viple scattering fraction ae a
function of neutron eneryy. The detastor design

itse!f eliould attempt to make the neutron detec
tion efficiency and multiple scattering fractioon
independent of neutron enerqgy. GCain staniliza.
tion circuicry le needed to provide lo-y racm
stability and to bring the aseay acoucacy fou
pure samples close to 1N,

We are encouraged by the rezults obtained
with the prototype far! neutron counter, but the
Above -mentioned improverants are needed to e
valop a aecond, better prototype. Alternative
lechniques for neutron detection ands/ane mujry
plicity analyeis should also be pursued so tha
the ultimate qgoal of an accurate, maliix -insen
sitive safegquards {nstiument ran he realized,
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