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ABSTRACT

To cdibrate neutron coincidence and neutron multiplicity counters for passive assay of plutonium, certain
detector parameters must be determined. When one is using smal plutonium metal samples, biases can be
introduced from non-zero multiplication and impurities. This paper describes preparing small, pure
plutonium metal standards with well-known geometries to enable accurate multiplication corrections and
with acceptably low levels of impurities. To minimize multiplication, these sandards are designed as 2-cm-
diameter foils with varying thicknesses and masses of 1.4, 3.6, and 7.2 g plutonium. These standards will
sgnificantly improve characterization and calibration of neutron coincidence and multiplicity counters. They
can dso be equdly useful for gammearray spectrometry and caorimetry. Five sets will be made: four for
other United States Department of Energy plutonium facilities, and one set to remain a Los Alamos. We
will aso describe other nondestructive assay standards that are planned for the next few years.

l. INTRODUCTION

Neutron time-correlation counting has been used extensively during the past 20 years for the nondestructive
assay (NDA) of nuclear materia. The usefulness of the techniqueis due primarily to the good penetrability
of neutrons and the uniqueness of time-correlated neutrons to nuclear material content. Passive neutron
coincidence and multiplicity counting are useful in the independent verification or NDA of plutonium mass,
in particular the ?*°Pu effective mass, of an item.

To characterize neutron coincidence and multiplicity counters, certain detector parameters such as
efficiency, doubles gate fraction, and triples gate fraction, must be determined. To determine these detector
parameters, theided plutonium standards would be nonmulltiplying and have no significant sources of
neutrons other than from spontaneous fission of the **°Pu effective mass.  In practice, 2°°Cf sources are
used and empirical corrections are necessary to obtain parameters for 2*°Pu. Smal plutonium meta and
oxide items are also used, but biases are introduced because of unknown multiplication and impurity
concentrations.

This paper describes the specifying and preparing severd sets of amdl, pure plutonium meta sandards
with well-known geometries and acceptable low levels of impurities. These standards are designed
specificaly for the calibration and characterization of neutron coincidence and multiplicity counters. With
these standards, neutron coincidence and multiplicity counters can be characterized much better than



before. Cdibration of these counters will be improved, and bias of assays with these counters will be
reduced. The need for this st of standards was identified in a previous review report on NDA
standards.[1]

[l. STANDARDS SPECIFICATIONS
A. Impurity Limits

Impurities in plutonium can contribute to neutron emission in two ways. (1) very small concentrations of
24Cm and *°Cf can yidd spontaneous fission neutrons in addition to **°Pu effective, and (2) low-Z
elements can contribute to total neutron yield of plutonium metd through (a ,n) reactions.

Source neutrons from pure plutonium metd arise solely from spontaneous fisson, primarily from the even
isotopes of “#Pu, 2*°Pu, and *Pu. Very smal concentrations of the impurities of 2**Cm and %*Cf can dso
yield spontaneous fisson neutrons that bias assays of the even plutonium isotopes. Limits on the dlowable
concentrations of **Cm and %*Cf were calculated from basic nuclear yield data, based on the assumption
that the impurity isotope contributes 1% of the spontaneous fisson neutron specific yield for pure weapons-
grade plutonium. Theselimitsare given in Table . The mass limits are listed as parts ny/g of plutonium.

Tablel. Impurity Limits for Spontaneoudy Fissoning
| sotopes
| sotope nY/g mass Limit
#Cm 5.63E-02
252Cf 2.60E-7

Low-Z dements can dso contribute to total neutron yield of plutonium metd through (a ,n) reactions.
Limits on the alowable concentrations of 11 impurity elements were caculated by using basic nuclear and
atomic data with asmple siopping power modd.[2] Again, it was assumed that the impurity e ement
contributes 1% of the spontaneous fission neutron specific yied for pure weapons-grade plutonium. These
limitsaregivenin Tablell.



Tablell. Impurity Limitsfor Elements
Producing (a ,n) Neutrons
Eement nY/g masslimit
Be 1
B 4
F 13
Li 57
Na 71
Mg 88
Al 200
Si 1100
Cl 1300
C 800
O 1200

B. Multiplication

For anided neutron standard, no neutron multiplication is preferred but there is dways some multiplication,
evenin the andles items. One then must know the sample multiplication well. Neutron multiplication isa
complicated function of the sample compostion (including impurities), dendity, and geometry. The best
sandard, therefore, is one with as smal a multiplication as possble so asto have the minimum effect on the
neutron emission rate. The least multiplying geometry isathin disc. Multiplication effects of thin metd
discs can be estimated wel usng Monte Carlo smulations. An dternative procedure for usng these
gandardsis given in section V1. This procedure is based on extrapolation to zero mass of 2*°Pu effective.

The gpproximate diameter and thicknesses of the sandards are listed in Table l11.

Tablelll. Radii and Thicknesses of the Plutonium Meta Standards
Mass (g) Radius (cm) Thickness (cm)
14 1.0 0.0321
3.6 1.0 0.0802
7.2 1.0 0.1604




1. STANDARDSFABRICATION
A. Purification

To achieve the impurity levels described previoudy, the plutonium metad must be purified. Electrorefining is
apowerful method of purifying crude plutonium metd.[3] A typica dectrorefining cell used in plutonium
processing operaionsis shownin Fig. 1. The crude batch of plutonium aloy is placed in the anode
compartment. The cell system is heated, and an electric current is passed between the anode and cathode
to produce dectrolyss. At the conclusion of the process, the purified plutonium is recovered as an annular

metd ring.
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Plutonium, asametd of the actinide group, has six dlotropes. Of the six dlotropic phases, dphaisthe
hardest and least ductile, and ddltais the softest and most ductile. The metd resulting from eectrorefining
is apha-phase plutonium. In order to fabricate the plutonium metd into thin discs as required for this
project, the plutonium metal needs to be in the softest, or delta phase, to minimize the risk of breskage
during fabrication. Alpha-phase plutonium metd is converted into delta phase by means of vacuum
didtillation and addition of galium; the distillation process further reduces the impurities in the plutonium
metd. The didillation is repesated three times to maximize the purification. The plutonium isthen cagt into
an ingot by using afurnace as shown in Fg. 2.



Fig. 2. Furnace to cast plutonium metal into ingot.



B. Fabrication of Foils

The purified plutonium meta ingot is diced into three pieces; eachisrolled into a disc of goproximate
thickness (shown in Table 11). Figure 3 shows the feeding of the disc to the rolling machineand Fig. 4
shows catching the disc during the rolling operation. This process is repeated until the desired thicknessis
achieved; the disc thicknessis checked with a micrometer, as shown in Fig. 5.
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Fig. 5. Monitor the thickness of the disc
during therolling to decide whether further
rolling is necessary.

A samping machine is used to punch out 2-cm-diameter plutonium foils; the punching operation is shown in
Fig. 6. Fivefoilsof each thickness are punched. The plutonium foils are stored in glass tubes (Fig. 7) to
minimize oxidation.



Fig. 6. Plutonium foil being punched out of the disc with
the stamping machine.

Fig. 7. Plutoniumfoilsare stored in glassvial to reduce
oxidation and contamination. The glassvial istransferred
to aninert glove box for encapsulation.

V.  SAMPLING AND CHEMICAL ANALYSES

From each fail thickness, two samples are taken from different parts of the foil (after the discs are punched)
for degtructive chemicd andyss. A tota of sx sampleswill be andyzed to dlow for determining
uniformity. Each of the samples will be dectropolished and sedled in aglass tube. Archive samples will
aso be taken.



The chemicd andysis for each sample includes:
1. gPugsample
2. Mass spectrometry to determine plutonium isotopic distribution

A m determination by gamma counting or & pha spectroscopy
8Py determination by apha counting

w

. Impurity anayses
The impurity andysesinclude dl the dementsliged in Tablell: Be, B, F, Li, Na, Mg, Al, S, Cl,
C,and O.

4. Spontaneous fissoning isotopeslisted in Tablel.
24Cm and *°Cf

A. Isotopic Digtribution

The chemicd andysis results are summarized in Table V. Table IV shows the plutonium isotopic of the Six
samples submitted for andysis. All the plutonium isotopic distribution and An?* have been decay
corrected to January 1, 2000. The **®Pu was determined by apha counting, and An?** was determined by
gammacounting. The An?* was reported as ppm of sample; this number was divided by the g Pu/g
sample (on 1/1/2000) to obtain Am* relative to plutonium mass, which is reported in this table.

TablelV. Putonium isotopic digtribution as of 1/1/2000

SampleID
1/ 1/00 238Pu 239 PU 240Pu 241 PU 242 PU 241 A m

WH0321-C1 0.0119 [93.9410 [5.8519 |0.1511 [0.0441 |0.0548
WH0321-C2 0.0122 [93.9405 |[5.8526 |0.1508 [0.0439 |0.0556

WH1604-C1 0.0117 [93.9423 ]5.8519 |0.1501 ]0.0440 |0.0556
WH1604-C2 0.0117 [93.9407 |[5.8526 |0.1509 [0.0441 |0.0547

WHO0802-C1 0.0123 [93.9410 |5.8519 |0.1508 [0.0440 |0.0549
WHO0802-C2 0.0120 [93.9404 ]5.8529 |0.1506 [0.0441 |0.0548

Average 0.0120 [93.9410 |5.8523 |0.1507 [0.0440 |0.0551




B. Impurity Deter mination

24Cm and ®2Cf impurity levels were determined by means of apha spectroscopy, and in the case of 22C,
extremely long counts (three days). These impurity levelsaregivenin TableV.

Table V. Impurity Limits for Spontaneoudy Fissoning Isotopes

| sotope no/g upper Limit (1 %) ny/g measured Limit
24Cm 5.63E-02 <0.04
252Cf 2.60E-7 <8.4E-5

Impurity limitsfor the dementslised in Table |l are givenin Table VI:

TableVI. Impurity Limits for Elements Producing (a ,n) Neutrons
Eement no/g upper limit (1%) nY/g measured limit Method
Be 1 0.9 |CP*
B 4 <4 ICP
F 13 9.0 lon Chromatography
Li 57 <0.9 ICP
Na 71 <40 ICP
Mg 88 <4 ICP
Al 200 <9 ICP
Si 1100 <40 ICP
Cl 1300 10.3 lon Chromatography
C 800 61.7 MS**
O 1200 48.3 Combustion
* Inductive coupled plasma spectroscopy
** M ass spectroscopy-carbon




C. Plutonium concentration

The plutonium concentration of the samples submitted for andysis was determined by coulometry. The
results are shown in Table V1.

TableVII. Putonium concentration
SampleID

1/1/00 % Pu
WH0321-C1 99.261
WHO0321-C2 99.311
WH1604-C1 99.291
WH1604-C2 99.411
WH0802-C1 99.351
WH0802-C2 99.301
Ave’ege 99.321
S Devidtion 0.053

D. Traceability

These analys's methods are based on the New Brunswick Laboratory certified standards with the
exception of the impurity andyss. Assays of certified sandards are part of the routine procedure.

V. CONTAINERSAND ENCAPSULATION

The cans for the standards are Stainless sted and will be American National Standards Ingtitute (ANSI)
certified. A schematic drawing of the cansisshownin Fig. 8. A picture of the inner and outer cansis
shownin Fig. 9. Wdding is performed by an ANS-certified welder in a hdium-atmosphere glove box.
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Fig. 8. Schematic drawing of the cans. All the parts, except for the
plutonium disc, are made of stainless steel.
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Fig. 9. Picture of stainless steel cans and parts. Theright-hand side of
the picture shows theinner can, lid, and retaining cup. Theleft-hand
side shows the outer can, lid, and the centering ring.
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VI.  MASSCALCULATION

The plutonium foils were weighed by using scales accurate to 0.0001 g. The scales were checked with
Nationd Inditute of Science and Technology certified weights within the range of 1to 10 g. These weights
are listed in the second column of Table V1. The plutonium mass of the sandards is obtained by
multiplying the foil mass by the average plutonium concentration listed in Table V.

TableVIll. Calculation Plutonium Mass of Foil
STDID Plutonium Foil Mass| Plutonium Mass (g) Relative error (%) Absolute error ()
()
Al 1.7775 1.765 0.077 0.0014
A2 4.0702 4.043 0.058 0.0024
A3 7.7402 7.688 0.055 0.0042
B1 1.833 1.821 0.076 0.0014
B2 3.9538 3.927 0.059 0.0023
B3 8.0085 7.954 0.054 0.0044
Cl 1.8351 1.823 0.076 0.0014
C2 4.057 4.029 0.058 0.0024
C3 7.9672 7.913 0.054 0.0043
D1 1.6997 1.688 0.079 0.0013
D2 3.7651 3.740 0.059 0.0022
D3 7.4829 7.432 0.055 0.0041
El 1.7529 1.741 0.078 0.0014
E2 3.4216 3.398 0.061 0.0021
E3 7.811 7.758 0.055 0.0043

VIl. PROCEDURE FOR USE OF STANDARDS

The primary purpose of the plutonium meta standards is for better determination of certain neutron
detector parameters used in neutron coincidence and neutron multiplicity assays of plutonium-bearing
materids.

In order to define procedures for uses of the standards, some of the basic concepts of neutron coincidence
and multiplicity counting must be defined. For an introduction to neutron coincidence counting, see Ref. 4
and the references therein. For an introduction to neutron multiplicity counting, see the application guide
(Ref. 5) and the references therein.
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There are two measured multiplicity distributions of neutron pulses (0s, 15, 2s, 3s, 4s, 5s, €tc.) measured:
the multiple counts in the “redl-plus-accidenta” (R+A) gate and the “accidentd” (A) gate. For apurdy
random (in time) pulse stream, the two digtributions are the same within atigicd errors. For atime-
correlated pulse stream with fisson neutron pulses, the R+A distribution has more higher order multiplicity
eventsthan the A digtribution. The two digtributions are analyzed by the INCC[6] code to obtain the
number of time-correlated double, triple, and quadruple pulses, etc. The term “doubles’ (D) meansthe
number of correlated pulse pairsin the pulse stream; “triples’ (T) means the number of corrdated triplets;
“dngles’ (S) meansthe total number of neutron counts. In practice, triple events are usualy the highest
correaions that can be obtained with reasonable statistica precison. A standard shift register circuit
determines the number of Sngles and doubles but can’t determine the number of triples. A multiplicity shift
register determines S, D, and T.

Neutron source multiplicity digtributions are the probability distributions for the emission of source
digributions per event; for plutonium metd, an event can be, for example, a spontaneous fisson followed
by an induced fisson. Passve neutron multiplicity assay (PNMA) andyss uses factoria moments of the
spontaneous and induced distributions.

For a plutonium metal sample with avery small mass, the background-corrected rates S, D, and T are
given by

S=Feng , @
:%Ferdng2 , and )
T:%Fe3ftn53 , (3)
where

F = therate of source events,

e = detector efficiency,

f,, f, = double and triple gate fractions, and

ng,ny,n, = 1%, 2" and 3" factorid moments of the neutron source distributions.

The gate fractions account for the fact that the R+A gate is not open long enough to count al the correlated
neutrons.

Idedlly, an assay based on the doubles counts should provide a unique signature for plutonium and should
a0 determine the actua grams of 2*°Pu-effective in the sample, where this quantity is defined as that mass
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of 2*Pu which would give the same D response as that obtained from al the even isotopes of 2°Pu-
effective in the sample:

#9Pu,, = 2.52°°°Pu+**Pu +1.68°Pu . (4
Thetota plutonium mass is then obtained from the plutonium isotopic compostion:

T PY=2*Py  /(2.52C 5 + Cyyo + 1.68C,5) (5)
where C,55, C,y, ad C,,, arethe fractions of the plutonium isotopes present in the sample.

The parameters that are obtained by using the smd| plutonium metal Sandards are, in order, e, f,, and f,,
using equations (1) — (4),

where

F=20pyy 4735 (6)
e=S/Fing) , ()
fg=gDl(engyS) ,and (8)
ft =3fgnooT /(engD) . 9

Theparametersn g, n,, and n g, respectively, are 2.154, 3.789, and 5.211.

The parametersin Egs. (7) — (9) are obtained for all three sandardsin agiven set. The results are
extrapolated back to zero massto obtain the fina values.

The quantities g, f,, and f, should be determined with a precision from counting statistics of not more than
0.5%. Thiswill require a minimum of 3-hour counts per standard in a detector with

e= 50%.
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