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Summary

A large fraction of impure plutonium oxide inventory items received in the mid-1980s from
the Rocky Flats Plant (RFP) contain sodium chloride and potassium chloride salts from the
electrorefining process. Sodium and potassium chloride evaporate at the >950°C stabilization
temperature mandated for long-term storage under the U.S. Department of Energy plutonium
oxide stabilization and storage criteria to plug and corrode process equipment. Because of the
equipment damage and associated increased processing time and operator radiation exposure
caused by these salts, items found to have these salts qualify for thermal stabilization at 750°C.
The present document describes how prompt gamma-ray analysis is being implemented at the
Plutonium Finishing Plant (PFP) to screen the items from the RFP for the presence of
electrorefining salt.

The prompt gamma ray energies characteristic of sodium, potassium, chlorine, and other low
atomic weight elements arise from the interaction the light elements with alpha radiation from
plutonium and americium radioactive decay. High-resolution gamma ray spectrometers
designed to detect energies up to ~4.5 MeV are used to gather the high-energy prompt gamma
spectra.

Observation of the presence of the high-energy gamma peaks representing the natural
chlorine-35, sodium-23, and potassium-39 isotopes and the sodium-to-chlorine peak area ratios
in the range for plutonium oxide materials known to contain the electrorefining salts give the
evidence needed to identify plutonium oxide materials at the PFP that qualify for the lower-
temperature processing. Conversely, the absence of these telltale signals in the prompt gamma
analysis provides evidence that the materials do not contain the electrorefining salts. Further-
more, based on calibrations using known assayed items, semiquantitative measurement of the
quantity of chlorine present in materials containing electrorefining salt also can be performed by
using the count rates observed for the chlorine peak, the plutonium quantity present in the
measured item, and the plutonium- and chlorine-specific response of the gamma detection
system.

The origin and characteristics of the impure plutonium oxide, the process impacts of the

electrorefining salts, and the background and technical bases of application of prompt gamma-
ray analysis to identify electrorefining salt-bearing plutonium oxide at the PFP are described.
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1.0 Introduction

Prompt gamma-ray analysis (PGA) is being implemented at the Plutonium Finishing Plant
(PFP) to identify impure plutonium oxide inventory items received from the Rocky Flats Plant
(REP)® that contain salts from the electrorefining (ER) process. The ER salts are primarily
sodium chloride and potassium chloride with the possible presence of some magnesium chloride.
According to guidance from the U.S. Department of Energy (DOE) based on technical
equivalency arguments (Boak et al. 2003), those RFP-origin plutonium oxide items at the PFP
containing significant quantities of ER salts may be thermally stabilized at 750°C rather than
>950°C prior to verification of their residual moisture concentrations and packaging under the
DOE standard for long-term storage of plutonium oxide (the “3013 standard”) (DOE 2000).

This document describes the technical bases for the application of PGA to identify PFP
plutonium oxide inventory items produced at the RFP that contain ER salts. The origins and
properties of the ER and other chloride salt-bearing items and the PGA assay equipment are
described in Section 2. Our conclusions from the study are presented in Section 3 and cited
references in Section 4.

(a) The Rocky Flats Plant (RFP), located about 15 miles northwest of downtown Denver, is now known as the
Rocky Flats Environmental Technology Site, or RFETS. The RFETS is a Superfund cleanup site as designated by
the U.S. Environmental Protection Agency. From April 1952 until December 1989, the RFP made components for
nuclear weapons using radioactive and hazardous materials, including plutonium, uranium, and beryllium and
recycled the valuable scrap from the fabrication. Accelerated cleanup began at RFETS in 1995.



2.0 Background

The origin and properties of plutonium scrap containing chloride salts received from the
Rocky Flats Plant (RFP) by Hanford’s Plutonium Finishing Plant (PFP), processing problems for
the salt-bearing scrap, and an overview of the bases of prompt gamma-ray analysis are reviewed
in this section.

2.1 Process Origin and Properties of Chloride Salt-Bearing Plutonium Oxide
Scrap

Scraps from several RFP chloride salt-mediated pyrochemical processes were sent to
Hanford for plutonium recovery in the mid 1980s. Among the scrap was “chlorinated oxides”
having RFP item description code (IDC) 067. The scraps arose from electrorefining (ER),
molten salt extraction (MSE), and direct oxide reduction (DOR) processes. As described by
Boak et al. (2003), the major source of chloride-bearing scrap was the ER process.

Electrorefining was a pyrochemical molten salt process used at the RFP to purify plutonium
metal of tramp process and fabrication metals such as iron and gallium. The electrolytic molten
salt solvent in the ER process was nominally equimolar in sodium and potassium chloride (NaCl
and KCI, respectively). The 740° to 750°C temperature maintained during the electrolysis is
above the 641°C melting point of plutonium metal and 658°C melting point of the equimolar
NaCl/KCl electrolyte. A small amount of magnesium chloride (usually 3 mol% MgCl,) was
added to the NaCI/KCl electrolyte to oxidize plutonium metal and dissolve it as plutonium(III)
chloride (PuCls):

3 MgCl, + 2 Pu— 3 Mg + 2 PuCls

Under an applied direct electrical current, the dissolved PuCl; migrated to the cathode, where
it was reduced to plutonium metal. Plutonium, being more readily oxidized than its major
impurities, dissolved preferentially as PuCl; at the controlled potential maintained at the anode.
However, americium, which is more readily oxidized than plutonium, also dissolved in the ER
salt and was deposited with the product. Plutonium purification thus was accomplished by
plutonium leaving the metallic impurities behind at the anode with plutonium migrating to the
cathode and electrodepositing as pure metal. Plutonium recoveries during the process were
typically ~60 to 70%. The process occurred in crucibles under inert argon cover gas (Cleveland
1970; Boak et al. 2002; Moser and Navratil 1984).

The ER process was operated in tilt-pour furnaces in Building 371 at the RFP. The
plutonium not recovered as pure metal constituted the scrap generated either as feed to or
byproduct of the ER process. The scrap contained plutonium metal and oxide, and much of it
had high levels of associated chloride salt. For example, scrap called “ER scrape-out” arose



from periodic cleaning of the crucibles.”) At the same time, “anode heels” came from the

impure residual plutonium metal contaminants left at the anode after the ER process. Other
scraps potentially containing ER salts were generated in the RFP Building 371 foundry
operations. Such scraps might arise from glovebox floor sweepings and plutonium foundry
oxide made by burning dross, turnings, or off-specification metal in adjacent nonaqueous
processes.

The RFP produced chloride-bearing scraps from other processes. The molten salt extraction
(MSE) process also used equimolar NaCl/KCI but with 30 mol% MgCl, added. This process
was designed to purify plutonium metal by preferentially dissolving americium-241 (**'Am),
ingrown from **'Pu decay, away from the bulk plutonium metal and into the molten 750°C salt
phase (Moser and Navratil 1984).

The direct oxide reduction (DOR) process, which produced chloride-bearing scrap at the
RFP, used calcium metal to reduce plutonium oxide directly to the metal at 830° to 835°C:

2 Ca + PuO, —» Pu+2 CaO

Calcium chloride (CaCl,) was used as the flux in the DOR process to dissolve the product,
CaO, which otherwise would have fouled the calcium metal reactant and prevented its interaction
with the reactant PuO,. Yields for DOR above 95% were achieved at the RFP (Moser and
Navratil 1984).

Scraps from the foundry processes were rich in plutonium and were collected for plutonium
recovery. The scraps were heated in air to convert the plutonium and other accompanying active
metals to their respective oxides in anticipation of subsequent dissolution in nitric acid and
purification by aqueous processes.

2.2 Plutonium Scrap Shipped from RFP to Hanford, 1984-1986

Scrap plutonium oxide items were shipped from RFP to Hanford’s PFP between 1984 and
1986 for plutonium recovery. The items shipped to Hanford were given item identification
numbers of the form ARF-102-84-xxx, where ARF designates the RFP origin, 102 designates the
plutonium as oxide, 84 designates the year 1984 (items shipped in 1985 and 1986 have 85 and
86, respectively), and the xxx is a serial number. According to review of process and shipping
records (Boak et al. 2003), the ARF-102 items included:

(a) To perform the scrape-out operation, the ER tilt-pour furnace was heated to 1000°C while open to the glovebox
atmosphere (N, with ~800 to 2000 ppm moisture and 3 to 5% O,). The molten salt and plutonium metal were
scraped from the swiveled and tilted furnace with a long-handled tool. The scrape-out material, IDC 154, then was
oxidized at >450°C and relabeled as IDC 067. This material was restabilized at least once more at 450°C before it
was shipped offsite. Therefore, the scrape-out material was heated at or above 450°C at least three times before
shipment to Hanford.



e Chloride salt-bearing scrap generally from the ER process. This scrap constituted 55% of
the items and had item description code IDC 067, designated as “chlorinated oxides” or
something similar.

e Other scrap items potentially contaminated with ER salt from Building 371. This scrap,
from other foundry processes, constituted 41% of the items and was given IDC 061,
designated as “non-spec oxide” or something similar.

e Miscellaneous items. This portion made up the remaining 3% of the ARF-102 items.
Individual items potentially could be contaminated with ER salt.

Prior to shipment, the materials destined for Hanford were calcined at least once and often
twice at ~450°C and the loss on ignition measured to ensure chemical stability. Much of the
residual active metal (plutonium, magnesium, or calcium) should have converted to oxide.

However, conversion of the plutonium metal to oxide evidently was not complete because
plutonium metal spherules were observed in an ARF-102 item in PFP laboratory tests (Delegard
and Bouse 1985a,) though PuO, was the only phase identified by X-ray diffractometry (XRD) in
this and related characterization of ARF-102 items (Delegard and Bouse 1985b; Materials
Identification and Surveillance, MIS, database).(a) Bubbles observed to form in water-wash lab
testing of ARF-102 items during process development testing at PFP also give evidence of the
presence of an active metal (Jones 2002). The bubbling may be explained as the reaction of
plutonium with water to form hydrogen gas (H,) though magnesium or calcium could have
survived the calcination steps by salt coating, impeding their full oxidation. The reaction of
plutonium with water to form hydrogen gas is based on observations of H, produced by the
reaction of plutonium in a thermally nonstabilized ER salt (IDC 411) with room temperature
water to form PuOH (Haschke and Phillips 2000; Boak et al. 2002, Appendix B).

Of the 1509 ARF-102 items shipped from RFP to PFP between 1984 and 1986, 570 were
processed for plutonium recovery in previous PFP operations. The remaining 939 ARF-102
items were unprocessed and still present in the PFP inventory in early 2003 (Boak et al. 2003).

Though the process origins and numbers of items in the ARF-102 materials shipped from
RFP to the PFP are known, as are the net plutonium and gross contents weights for each item, the
IDCs, which designate the specific process origins or material characteristics, were not preserved
for the individual ARF-102 items. In other words, the potential presence or process type of
chloride salt in any individual item, as would be indicated by IDCs 067 or 061, are not known
based on material inventory, shipment, item identification, or any other records.

(a) Plutonium oxychloride (PuOCIl) from hydrolysis of PuCl; also has been identified by XRD at percent levels in
thermally nonstabilized inventory items of RFP IDC 411 (ER salt; Boak et al. 2002, footnote of Appendix B-3; also
verified in a personal communication with J Boak and EA Conrad). The survival of PuOCI in the chloride-poorer
ARF-102 materials is unlikely after the 450°C thermal stabilization steps implemented to prepare the items for
shipment to Hanford.



Like all plutonium oxide inventory items present at the PFP and containing greater than
30 wt% plutonium, the ARF-102 items containing >30 wt% Pu must undergo stabilization and
packaging operations to fulfill the terms of the 3013 standard for long-term storage of plutonium
oxide (DOE 2000). Only 17 of the 939 remaining ARF-102 items were <30 wt% Pu; these items
were packaged for shipment to the Waste Isolation Pilot Plant (WIPP) in the spring of 2003. The
remaining 922 items therefore required thermal stabilization and packaging to satisfy the 3013
standard.

2.3 Problems in Thermal Processing of Chloride-Bearing Plutonium Oxide
Materials

Electrorefining salts have been implicated in processing and moisture measurement
difficulties associated with the >950°C thermal stabilization of plutonium oxide defined by the
3013 standard. The process problems were illuminated in furnace tests with simulated chloride-
bearing plutonium oxide with 1 wt% ER salt loading (Fischer et al. 2002), tests in PFP
laboratories with simulated chloride-bearing scrap (Boak et al. 2003, Appendix E), and actual
PFP experience in thermal stabilization of ARF-102 items suspected to contain ER salt. Each of
these studies showed that the salts that evaporated from process boats at 950°C deposited on
cooler downstream off-gas surfaces. The deposits plugged off-gas filters and caused or
contributed to localized but severe and process-debilitating equipment corrosion.

The baseline flowsheet developed at the PFP to process the items containing chloride salts
called for water washing to dissolve and remove the offending water-soluble chloride salts. The
washing step would be followed by the mandated thermal treatment at >950°C for a minimum of
two hours. Unfortunately, PFP experience showed that the salt removal wash was not sufficient
to eliminate the plugging and corrosion associated with the residual salt remaining after the
washing step.

Laboratory tests were performed using a simulated ER scrap in which cerium oxide, CeO,,
served as the PuO; surrogate. It was found that even with 20 wt% ER salt loading the plugging
and corrosion problems observed for similar tests with 1 wt% salt loading at 1000°C could be
avoided if processing occurred at 800°C (Schmidt et al. 2003). Thus, the most promising
approach to process the ER salt-bearing materials without undue equipment failure was to lower,
if possible, the stabilization temperature.

2.4 Technical Assistance Request and Technical Equivalency Document

At the request of the DOE Richland Operations Office (DOE-RL), a team was created to
investigate the problems encountered with thermal stabilization of chloride-bearing plutonium
oxide at 1000°C and to determine whether technical arguments could be advanced to show that
the stabilization goals of the 3013 standard could be met at a temperature lower than 800°C.



This effort was undertaken following the successful demonstration of technical equivalency to
the 3013 standard advanced for lower stabilization temperature of ER salt-bearing materials for
the RFETS (Boak et al. 2002).

The outcome of the DOE-RL request was a document (Technical Equivalency Document)
(Boak et al. 2003) providing the basis to demonstrate the technical equivalency of 750°C thermal
stabilization of the ER salt-bearing plutonium oxides to the material stabilization requirements of
the 3013 standard. To parallel the previous guidance offered for the RFETS, the possibility for
technical equivalency of satisfying the stabilization intent of the 3013 standard at 750°C was
entertained only for the ARF-102 materials received from the RFP. In addition, because of the
increased risk of encountering constituents requiring the full >950°C stabilization in higher
impurity items, the lower temperature alternative could be applied only to those items containing
>50 wt% plutonium. Finally, the Technical Equivalency Document recommended that prompt
gamma analysis (PGA) be applied to identify those items received from the RFP that contain ER
salt and that the technical bases of the application of PGA be recorded. Specifically, as stated in
the Executive Summary,

The technical team recommends the use of Prompt Gamma-Ray Analysis (PGA)
to identify chloride-bearing material that may be stabilized at lower temperature.
The PGA can be used in conjunction with available assay data to define items that
might potentially corrode or plug critical subsystems in the stabilization furnaces.

Rapid screening for Na, K, and ClI to identify candidates for lower temperature
stabilization will be sufficient to distinguish items that pose a risk to stabilization
equipment. This will include material from IDCs related to the ones described in
Boak, et al., (2002), but also identifies other IDCs shipped from RFETS that have
characteristics sufficiently similar to the RFETS ER oxide to be screened by PGA
for lower temperature stabilization. Analysis of the full PGA spectrum after
stabilization may be used to identify containers for enhanced monitoring by the
Integrated Surveillance Program, which has already identified chloride-bearing
Pu oxide as requiring higher levels of surveillance.

The technical team recommends that the Integrated Surveillance Program, in
cooperation with RFETS and PFP, expedite preparation of a document that lays
out the technical basis for PGA and describes the instruments now being used at
LANL, Rocky Flats, and Hanford.

2.5 Prompt Gamma-Ray Phenomenon

The PGA method is based on identification and intensity measurements of gamma rays
produced by plutonium and americium alpha particle interaction with nuclei of other elements.
In particular, alpha particles (o) emitted by the radioactive decay of plutonium and americium in
plutonium oxide materials transmute elements present in the materials, particularly low atomic



number elements, by (a,ny) and (a,py) nuclear reactions, releasing a neutron (n) or proton (p),
respectively, and associated gamma ray (y). Inelastic scattering alpha recoil reactions (a,a'y),
without nuclear transmutation, also may occur. All three reactions leave the product nuclei in
excited states which, with subsequent decay of the excited states, produce gamma rays with
energies characteristic of the excited product isotope. The reactions of alpha particles with the
fluorine-19 (*’F) nucleus illustrate both (a,ny) and (a,py) nuclear transmutation:

a,ny °F + a — **Na* + n; *Na* — *Na +1v (1528 keV)
a,py UF + o — ?Ne* + p ; Ne* — *Ne +y (1275 keV)

The **Na* and **Ne* are sodium-22 and neon-22 in excited states. The *Na* decays to emit a
1528-keV gamma ray and produce **Na. The **Na is itself unstable, with a 2.6-year half-life,
decaying by positron emission to form stable *?Ne. The “*Ne* decomposes to give stable **Ne
and a 1275-keV gamma ray.

Measurements of gamma ray energies can be used to identify the impurities in the plutonium
oxide matrix. Methods to analyze prompt gamma spectra to identify and quantify impurities in
alpha particle-emitting materials have been presented in the technical literature.

2.5.1 Spectra Observed by PGA

Gamma ray spectrometry of prompt gamma-rays from o-particle reactions was applied first
to identify light element impurities in ***PuO, (McKibben 1968). The basis for this qualitative
analysis was the interpretation of gamma ray spectra, observed up to about 6 MeV, of dry
mixtures of 2**PuQ, with various light element compounds. Compounds of all elements (except
the noble gases and oxygen, which is intrinsic to PuO,) from lithium (Z=3) through potassium
(Z=19) were used. No reaction gamma rays were found for carbon, silicon, or sulfur. The
remaining elements were found to be increasingly detectable (i.e., sensitivity increased) in the
order potassium, chlorine, magnesium, sodium, phosphorus, nitrogen, aluminum~boron
~fluorine, lithium, and beryllium. The spectra McKibben (1968) gathered using a Nal(TI)
detector were of lower resolution than would become available subsequently by using
semiconductor detectors.

Martin (1975) obtained spectra up to about 5 MeV of PuO, with the same 14 light elements
as did McKibben (1968). Martin (1975), sometimes using different compounds (generally
pulverized to pass 100-mesh) than McKibben (1968), used a high-resolution Ge(Li)
semiconductor detector and used **’Pu oxide (with 133 ppm **'Am; isotopic composition
otherwise not stated) instead of the more active **Pu oxide used by McKibben (1968). In
addition to the spectra from the dry-blended materials, Martin obtained spectra of plutonium
compounds [PuF4, Cs,PuClg, Pu(HCO,)s, and an Al-Pu alloy] from a “molten salt waste” from
RFP operations.



Like McKibben, Martin observed no reaction gamma rays for carbon, silicon, and sulfur.
Based on the obtained spectra, gamma ray energy assignments were made for the remaining
elements and for oxygen (from PuO, alone) to produce a catalog of gamma ray energies
associated with particular light elements.

Martin’s observations regarding the “molten salt waste” (evidently from electrorefining or
molten salt extraction) and for a magnesium oxide crucible used in a molten salt process are
pertinent to the application of PGA to identify ER salts at the PFP. They are presented in the
following paragraphs. The spectrum of the “molten salt waste” is given in Figure 1.

The majority of the reaction gamma rays arise from *>Na(a,py)*’Mg reactions. The
gamma rays at 1524 and 2167 keV are assigned to alpha reactions on *’K and *ClI,
respectively, and the 1779 keV line is assigned to an alpha reaction on >Mg. The
molten salt contains large amounts of sodium chloride and potassium chloride, and
a lesser amount of magnesium chloride. In this case, the reaction gamma rays do
provide a means of identification and a qualitative estimate of the relative
abundance of these light elements.

Reaction gamma rays do not always appear as expected. A particular reaction
gamma ray’s appearance or absence is not necessarily related to the light-element
abundance of the total sample. For example, spectra from a magnesium oxide
crucible used in a molten salt operation were dominated by sodium reaction
gamma rays. In this case, the results would indicate that within the crucible, the
plutonium and sodium salts are absorbed into the wall and are in closer contact
than the plutonium with the magnesium. Results of this type clearly reveal the
intimate contact necessary before reactions occur, also the difficulties one may
encounter in trying to predict alpha reactions in inhomogeneous materials.

Ovechkin and colleagues (1976) developed a method to determine the concentrations of
fluorine and nitrogen impurities in plutonium oxide (PuO,) based on ratios of the gamma peak
areas at 1275 keV and 871 keV (for fluorine and nitrogen, respectively) to the peak area at
770 keV for »*°Pu decay. The researchers ensured interaction of the alpha particles with fluorine
and nitrogen by preparing the pure plutonium compounds Na,PuFg, PuFs, and PuN. The pure
plutonium-light element compounds were combined in various ratios with PuO,, the powders
ground together, and the spectra measured. The results were accurate enough to determine
fluorine concentrations in the range ~0.2 to 19 wt% and nitrogen concentrations from 0.2 to
3.7 wt% for these narrowly constituted materials. Measurements of unknowns containing
fluorine or nitrogen present as other compounds were not reported. Ovechkin (1980) subse-
quently obtained the specific gamma yields for fluorine in *’PuF; and *’PuF, to improve
sensitive and nondestructive fluorine analyses in reprocessing and nuclear fuel production
streams.
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Figure 1. Spectrum of RFP “Molten Salt Waste” Containing Chloride Salts (Martin 1975)

A catalog of alpha-induced prompt gamma ray energies to about 6 MeV was obtained in a
survey of 56 elements irradiated with 5-MeV *He" particles from a Van de Graaff accelerator
(Giles and Peisach 1979). The *He" particle is similar to the alpha particle, “He*", and interacts
with the target nucleus in the same way. Giles and Peisach’s compilation includes the relative
sensitivities for detecting the various elements. In contrast to the findings of McKibben (1968)
and Martin (1975), Giles and Peisach (1979) found prompt gamma rays from silicon. In
agreement with the previous studies, they found no signal for carbon or sulfur. They also found
no signals for calcium or gallium. For a given *He™ particle flux, the elements detected most
easily are lithium, boron, nitrogen, fluorine, sodium, aluminum, phosphorus, vanadium,
manganese, and rhodium. Beryllium was not measured in their studies.

Measurement of the concentrations of light element (boron, carbon, nitrogen, oxygen, and
fluorine) impurities in relatively pure **Pu, *°Pu, **'Am, and mixed U-Pu reactor fuel was
investigated by analysis of intrinsic prompt gamma ray intensities as calculated from first
principles (Shumakov et al. 1994). The analyses were used to predict detection limits and count
rates for these elements at trace or low levels. The predictions for nitrogen were verified by
measurements of ~>°Pu and a U-Pu alloy and found to agree within 20%. A prompt gamma
signal at 6130 keV arising from the reaction *C(a,ny) also was calculated. The estimated yield
for carbon’s 6130 keV gamma ray is about 2800 times lower than that of fluorine’s 1275 keV
gamma ray. However, the existence and intensity of the purported 6130-keV carbon prompt
gamma ray was not verified experimentally.
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The published studies show that the prompt gamma method can identify beryllium, fluorine,
sodium, magnesium, chlorine, and potassium. All of these elements are present, or potentially
present, in plutonium oxide materials from RFP pyrochemical processes. Other elements
possibly present in RFP materials, including aluminum, silicon, and nitrogen, produce
characteristic gamma rays and also may be identified. However, a few notable exceptions such
as calcium, sulfur, and gallium produce no significant gamma yield and cannot be identified.
The predicted existence of the carbon prompt gamma ray has not been confirmed, based on the
limited survey of the technical literature. Quantitative analysis of impurity concentrations by
PGA also is demonstrated under certain conditions, most importantly if intimate contact of the
plutonium and americium alpha emitters with the target impurity elements is achieved.

2.5.2 Effects of Mixing in PGA

Intimate mixing is best achieved by forming a compound of plutonium or americium with the
light element of concern. However, for the ARF-102 materials, the only plutonium compounds
identified are PuO, and possibly some plutonium metal. In such a case, intimate mixing by
compound is only ensured for plutonium with oxygen.

Intimate mixing of light elements with plutonium oxide is necessary because the range of the
5.2-MeV alpha particle emitted by 2%py and **°Pu is about 70 um in plutonium oxide (Ensslin
1991). This is well illustrated by the excerpt from Martin (1975) because the salt-saturated
magnesium oxide crucible material that showed prompt gamma signals for sodium, with which
the plutonium was thoroughly mixed, dominate the spectrum with relatively little signal from
magnesium. The alpha particles could only impinge on the magnesium oxide at the crucible
surface whereas the frozen sodium salt coated the plutonium oxide particles to intercept most of
the alpha radiation.

Using Monte Carlo techniques, Foster and colleagues (2002) calculated the probability of 5-
MeV alpha particle escape from PuO, as a function of PuO; particle diameter. The calculations
showed that all alpha particles escaped the PuO, particle if its diameter was less than 10 pm.
The escape probability decreased at higher diameters such that about 75% of the alpha particles
escaped at 20 pm, ~60% at 30 um, ~30% at 50 um, and ~15% at 100 um. Based on the PuO,
particle size distribution presented by Foster et al. (2002) with a mass-based maximum at 50 to
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70 um, an integrated escape fraction of 0.32 is estimated (i.e., about 32% of the alpha particles
would leave their source PuO, particle).(a)

The probabilities of F(0,n) reaction as a function of PuO, particle diameter and fluorine
concentration in intimate mixtures of PuO, and CaF; also were calculated by Foster et al. (2002).
The calculations showed the expected result that for 5 pm and 10 pm PuQO; particles, the (o,n)
reaction probability increasing nearly linearly at low (0 to 10 wt%) fluorine concentrations.
Some curvature downward with increasing fluorine concentration was seen because as fluorine
concentration increased the complementary PuO, concentration decreased, providing lower alpha
irradiation. However, the probability of (a,n) reaction with larger PuO, particles (25, 50, and
100 um) flattened markedly as fluorine concentration increased above 1 wt%.

The effects of intimate mixing were demonstrated by measurement of gamma spectra of
PuO, powder blended with particulate CaF, and a 1:1 mole ratio NaCl:KCl blend similar to that
constituted for ER and MSE processes (Foster et al. 2002). The fluoride in the CaF, and the
chloride in the NaCl/KCI blend each composed 5 wt% of the powder mixture. The characteristic
1274, 1528, and 2081 keV emissions from the F reactions could be discerned after the powders
had been mechanically blended (Figure 2). At the same time, the 1809 keV peak characteristic
of the *Na(a,py) reaction and the 2168 keV peak of the **Cl(a,py) reaction were observable but
weak. Similar spectra were obtained after the mixtures had been heated to 600°C for two hours.

(a) The PuO, particle size distribution in Foster et al. (2002) is high but may accurately represent the PuO, derived
in thermal processing of ER scrape-out. Plutonium oxide particles prepared by “extended air oxidation of electro-
refined plutonium metal at 25°C” have 3.1% particles less than 1 pm and 96.9% less than 5 pum—the particles
themselves are agglomerates of 0.01 um crystallites (Stakebake and Dringman 1968). With these particle size distri-
butions, nearly all alpha particles would leave their source PuO, particles and be available to irradiate adjacent
compounds or materials. However, plutonium oxide particles derived by burning Pu metal in air or pure oxygen at
500°C are considerably coarser, with 98% or more of the mass particles greater than 30 um. Slow reaction rates
favor smaller particles (Haschke et al. 1998).

Studies show that about 10 mass% of ER residue salt is plutonium metal shot (Haschke and Phillips 2000; Boak et
al. 2002, Appendix B). In this work, 10-g samples of thermally nonstabilized ER salt residue were dispersed in
50 mL of water and the gas evolution amounts and rates measured for the reaction:

2Pu+2H20—>2PuOH+H2

Based on knowledge of the corrosion rates of plutonium metal in 2 M chloride solution (arising from the associated
ER salts) and the smoothly decreasing gas generation rate curve observed with time and supported by molten metal
surface tension arguments, the plutonium metal was postulated to be present as 1.2 + 0.5-m-diameter spheres com-
posing 10 +5 wt% of the ER residue. According to the alpha escape fraction curves presented by Foster et al. (2002)
and given the higher particle density of plutonium metal, the alpha particle escape fraction from the 1.2-mm-
diameter shot would be negligible. Though total plutonium concentrations in the nonstabilized ER residue studied
by Haschke and Phillips (2000) were not reported, Pu metal shot in the thermally stabilized >50 wt% plutonium PFP
ARF-102 items could constitute no more than 20% of the total plutonium, likely much less. Thus little diminution
in the prompt gamma signal is expected from what is likely to be very little Pu metal shot.
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Figure 2. Prompt Gamma Spectra of PuO, Blended with NaClI/KCl and CaF,
(Foster et al. 2002). The lower two traces are at room temperature and
after 600°C heating; upper two are after 800°C and 950°C heating.

However, when the mixtures were heated to 800°C, above the melting point of the NaCl/KCl
eutectic, the 1809 and 2168 keV peaks characteristic of sodium and chlorine, respectively,
strengthened about an order of magnitude. At the same time, little change occurred in the
fluorine peak. Other sodium peaks appeared at about 1130, 1779, and 2131 keV. The peak for
3K (0,py) expected at 1524 keV is not discernable due to the strong adjacent 1528 keV peak for
F(a,py). Further heating to 950°C did not change the spectrum from that observed in the 800°C
product.

The data show that melting increased the contact of the NaCI/KCl salt with the PuO, and thus
increased the gamma count rate for sodium and chlorine. At the same time, the fluorine count
rate did not increase with heating because the melting point for CaF, (1423°C) was not exceeded.
Note that the NaCI/KCl electrolyte mixture must be molten in ER and MSE processing. Thus
intimate mixing of NaCl/KCl with the plutonium and americium alpha emitters is reasonably
ensured for PuO, materials containing ER salt.

Foster et al. (2002) also attempted to correlate the chlorine (2168 keV) and fluorine

(1275 keV) count rates for items in the Materials Identification and Surveillance (MIS) inventory
with their chemically analyzed chlorine and fluorine concentrations. The count rates were
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normalized to the specific alpha activities of the analyzed items based on the gamma count rates
observed for **’Pu (414 keV) and **'Am (662 keV). General trends of increasing chlorine and
fluorine signal with increasing concentration were observed f