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Ingtitute of |sotope and Surface Chemistry, Budapest H-1525, Hungary

Without quality historical records that provide tb@mpositions of legacy materials, the elementdi@n
chemical characterization of such materials reguaemanual analytical strategy that may expose the
analyst to unknown toxicological hazards. In additi much of the existing legacy inventory also
incorporates radioactivity, and, although radiobadjicomposition may be determined by various nuelea
analytical methods, most importantly, gamma spsctipy, current methods of chemical characterization
still require direct sample manipulation, therebrggenting special problems with broad implicatifms
both the analyst and the environment. Alternatehpmpt Gamma Activation Analysis (PGAA) provides a
‘single-shot’, in-situ, non-destructive method thatovides a complete assay of all major entrained
elemental constituents. Also, it generally obviates need for sample handling and, thus, minimizes
potential exposure to hazardous materials to betbpie and the environment. Additionally, neutron
activation analysis (NAA) using short-lived actiat products compliments PGAA, and is especially
applicable when the NAA activation surpasses th&R@ elemental sensitivity. The Lawrence Berkeley
National Laboratory (LBNL) has developed a new inie deuterium-deuterium (D+D) neutron
generator that currently outputs ~ 4%1feutrons/second. It is self-replenishing and loswer and
maximizes the use of monatomic ns that, in turn, maximizes neutron intensitheTLBNL PGAA
system also uses a recently updated prompt ganbmaaylidatabase and Hypermet software to convert the

raw PGAA spectral data to accurate and precisetgtiaé and quantitative elemental results. Thipgra



discusses the use of PGAA and short-lived NAA tarahterize legacy materials at the Lawrence Beykele

National Laboratory (LBNL).

Introduction

Much of the legacy inventory at LBNL lacks qualitystorical records that satisfy the pertinent
regulatory requirements for full characterizatidiost of the inventoried materials also include ame
more radioactive constituents, typically actinidadding another dimension to the overall probletme T
radioanalytical problem may generally be addredsgdjamma spectroscopy. However, except for the
primordial radioactivities with extremely long hdifes like U and Th, the presence of a visible snak
material is not generally attributable to the radiive constituents but, instead, to the presefictable
carrier chemicals that must likewise be charaaterizin the special case of the actinides, one ghegn
some information about the cationic moiety of tlaerier substrate by alpha-induced x-ray fluoreseenc
since most carrier compounds at LBNL have catienitities of relatively high Z, thereby affordingses
detection and evaluation of the fluorescence x:réd@wever, for the anionic moiety, the respective Z
values are usually much lower (e.g., fluoridesaméts, oxides) and not generally amenable to fheaece
analysis. Therefore, to characterize stable carrier legacy materials, LBNL needs to identify a
methodology that provides the elemental/chemicahtitly and quantitative composition with minimum
sample handling.

In view of these requirements, LBNL has focussednuPGAA, a technique that is an excitation
process not a radioactive-decay process, altho@hAPmay produce radionuclides by activation during
the excitation process. The LBNL system consi$ta ®+D neutron generator that utilizes an updated
database of 35,000 prompt gamma rays and assodibteermet analytical software to generate high-
quality elemental analyses of legacy materials. filewing sections will discuss the LBNL process i

detail.

Experimental
The analysis of LBNL legacy materials, whether oadtive and/or non-radioactive, requires the use

of a high-efficiency, n-type, high-purity germanifriPGe) detector/multichannel analyzer (MCA) system



with a calibrated energy range of ~ 5 keV to ~ 2Wfer NAA decay gammas or to ~ 11 Me¥ for
PGAA. An n-type detector is preferred due to itstiee insensitivity to neutron damage compared it
p-type semiconductor detecté?. To maximize signal intensity, the system must domfigured to
maximize the number of thermal or ‘cold’ — thosettier slowed from thermal energies (~0.025 eV or
~2200 meters/second) — neutrons on target. Al®d#tector orientation relative to the linear adfishe
neutron generator and to the target itself musbjimized. Around the detector, appropriate neutron
absorption materials may be installed betweendttae neutron generator to minimize backgroundthad
potential for neutron damage. If the detector isitaned as close as possible to the target without
compromising protection afforded by the shieldingtenials, the efficiency of photon collection is
maximized, thereby improving overall analytical siimity. To this end, the detector should be posid
between ~ 90and ~ 120 relative to the linear axis of the neutron germtalo protect against neutron
damage to the detector, the neutron generatoreawapped with a pliable sheath of eitfisf- or *%B,C-
impregnated silicone rubber. The stafllé isotope, ~ 7.5% of natural Li, has a high cresstion for
absorbing most thermal neutrons with negligiblengmbgamma yield® by the high cross section (940 b)
nuclear reactiofiLi(n,c))®H. Also, because thi.i isotope has such a high reaction cross-sectigatively
little LiIF would be required in the sheathing mé&krConsequently, the contribution of the F to the
background should be negligible with a single atton peak at ~ 1633.6 keV (100%) from the formatio
of radioactive?®F (t;, ~ 11.03 secondsy. At the expected thermal neutron flux of T0cmi's?, <100 mCi

of tritium can be produced from tfiei reaction which is not a regulatory problem. Thailability of large
quantities ofLi is restricted, and EC could be used instead, provided that the singlenpt gamma from
the '8 neutron capture reactioffB(n,o)’Li, at 477.6 keV® is not a problem. Neutron moderator material
would be placed in the forward direction betweem tleutron source and the target (i.e., ~°¥8Gtive to
the linear axis of the neutron generator) to redbe€2.5 MeV D+D neutrons to thermal energies.

2.5 MeV neutrons have been generated by a new dgdriaBNL-developed, self-replenishing, low
power (~ 600 watts on target), deuterium-deuteri(ire., D+D)-based neutron generator (~4%10
neutrons/second, isotropic). The design of thernaujenerator incorporates a novel feature thatmiges
the physics of the nuclear-reaction process to miaei neutron yield by producing a preponderant remb

of monatomic bombarding deuterium ions (i.el).CPast attempts at developing a high intensity D+D



neutron generator had achieved minimal successrggnedue to an inability to eliminate the
overwhelming presence of the countervailing polggdtodeuterium ions (i.e., D) that are very inefficient

at producing neutrons. The D+D modality also hasatided benefit of not using or generating tritiuitin

its attendant regulatory and environmental impiwas. Polyethylene has been used as the modemator t
produce thermal neutrons.

The prompt gamma library consists of ~ 35,000 ditere-based gamma-ray energies and thermal
cross sections representing all isotopes ftehto 2%, inclusive, where the relative cross sectiondgel
have been normalized to precise measurements ebtdor all elements at the Budapest reactor. The
PGAA library data from all reliable sources werensequently merged into the final database. This
updated library was developed by LBNL under theisaed an International Atomic Energy Agency
(IAEA) Coordinated Research Project (CRP) and [sesor to earlier databases that were developdukein
1960's. PGAA is an accepted mainstream analytical proitease at the National Institute for Standards
and Technology (NIST), but the quality of the resifei database must be high. Thus, the new IAEA-
sponsored database was developed and is usedliBiiework.

To establish neutron-generator based PGAA as aduglity (i.e., accurate and precise) qualitative
and quantitative methodology for elemental andhtangical assay, initial experiments must be conducte
in a comparative mode where relevant PGAA resukéscmpared with results obtained by employing
alternative, accepted, analytical methodologiesanples of such methodologies are wet-chemical or
instrumental processes, or, if relevant primaryndtads or high-purity chemicals exist which have
documented assays establishing the entrained yualith materials may accordingly be used. With
specific respect to the use of the upgraded LBNUtno& generator in the PGAA process, certain result
would be obtained with this generator and comparigl PGAA results obtained on similar samples at th
Budapest Reactor PGAA Facility that has an estadtishigh-quality track record on PGAA. In this

manner, the quality of the results for PGAA using LBNL neutron generator would be further enhanced

Resultsand Discussion
The focus of the LBNL PGAA research to dafe® ” has been to determine the requirements for

producing high-quality (i.e., accurate and precigaglitative and quantitative results for in-singn-



destructive assay of legacy materials. Since miicheoLBNL legacy inventory consists of radioadiyvi
incorporated into a stable carrier matrix, inigxiperiments were configured to test the utilityP@AA to
account for all entrained carrier species and terdgne if chemical stoichiometry may be deduceddét
normal circumstances, characterization of legacterias would consist of two procedural steps thay

be combined into one step due to the fact that bis involve gamma analysis. If real-time analpdia
radioactive legacy item is conducted under themeaitron impingement, a composite gamma spectrum is
obtained where both the radioactive decay and P@#e% are collected.

As a first step toward establishing the extent biclw PGAA may be used in the characterization of
legacy materials, an experiment was conducted etBildapest Reactor PGAA Facility on a synthetic
sample that reflects expected carrier matricesofdingly, a sample consisting of non-certified gakeR
and CeQ(H,0), was initially selected for analysis to determite ttapability of PGAA to detect all
elemental constituents including impurities. Théadae provided in Tables 1 and 2. In Table 1ydtie of
atom % for hydrogen and oxygee 2:1) clearly correlate with waters-of-hydrationsé) from this Table,
it is clear that PGAA provides a comprehensiveyetof all chemical constituents including impuai
This observation provides strong evidence that PGAA potentially inexpensive way to assay a sarnnple
entirety. Other methods would require a hit-or-méggproach that would be both time-consuming and
expensive. Table 2 provides a comparative analystsveen the actual % by mass of the mixture as
determined by the weighing process in the laboyasmd the PGAA data obtained on an aliquot. These
data indicate for simple inorganic matrices that erdy may elemental signatures be determined lsat a
possibly chemical stoichiometry. The Ca and F tesafe in excellent agreement. The Ce and Cl sedolt
not appear to agree as well but that observationantually be deceiving. As mentioned above, thepta
was synthesized from uncertified chemicals founthalaboratory. Thus, if the stock reagent werdact,
impure Cek that actually contained a significant componen€ef, there would, in fact, have been more
Ce in the weighed sample and less Cl than expeawieah absolute mass basis. This assessment is based
upon the respective weights of the chemicals useslmthesize the sample. If the correct stoichiomet
composition were included, the net effect would tbebring the weighed and PGAA data more into

agreement. Thus, the PGAA data strongly suggesstbachiometry may be determined for pure or sampl



mixtures of inorganic compounds. More work, esfdiciaith chemicals traceable to the United States
National Institute for Standards and TechnologySNIwould be needed to confirm these assessments.

There is an additional point concerning the datéaiobd for the synthetic CaFCeR and
CeCk(H,0), sample (Table 2). With the exception of a coupleclements like hydrogen (waters-of-
hydration) and boron (impurity) which have only oppmpt gamma line apiece, all other identified
elements have multiple prompt gamma lines. This ifasignificant for two reasons. First, multiplads
provide intrinsic cross-references not only to aomfqualitative identity but also to provide cororhtive
data that affirm the quantitative results (i.e.ngml agreement among the lines). Second, muBR@AA
lines are usually spread over a relatively widergyneange, in some cases, up to ~ 11 MeV. Thus, one
could potentially use the attenuation observed mosdbly for lower-energy lines and the relativekl@f
such effects on higher-energy lines to determimeagproximate thickness of the attenuating medifim.
one were to expand this reasoning to geometry (i.e., different detection angles in ¢hdémensional
space), the evaluation of attenuative effects majfdrd insight into the approximate three-dimensio
shape of an embedded target.

Very recently, new NAA measurements have begun thithLBNL neutron generator. The NAA
spectrum of a NaCl sample irradiated for 15 mir dt3x16 neutrons/second is shown in Figure 1. The
decay of both thé’Na (14.959 h) and®Cl (37.24 m) activation products are clearly sead aan be

analyzed quantitatively to determine the stoichitineatio.

Conclusion and Future Plans

The data provided in Tables 1 and 2 demonstrateRBAA is, indeed, a high-quality analytical
process, and Figure 1 demonstrates NAA sensitivith the LBNL neutron generator-based system. The
impurity data and the data on the waters-of-hydrafurther indicate that more data may be obtaimgd
one PGAA analysis than may be obtained by othereatly accepted analytical methods. With a single
irradiation, all significant elements may be detdcusing PGAA provided that the entire process is
optimized; that is, neutron fluence is maximized @ositioning of the target relative to the neutsoirce
and the detector is configured for ideal geomelilye data also indicate a higher quality level tign

usually reported by the suppliers of chemical reéger standards because obtaining the level dyica



detail afforded by PGAA would require consideraliyore expenditure of time into alternative
methodologies with the attendant costs and poteetiposures. Furthermore, the general multi-line
isotopic PGAA signatures provide a built-in systefrchecks and balances to corroborate results ddd a
another layer of quality control to the analytipabcess. Agreement among different gamma rays gesvi
added assurance of the quality of the reporteditsgsnhile aberrations would indicate the preseate
elemental cross contamination if results are hiyimgared with the ‘true’ values or of attenuationeifults
are low compared with the ‘true’ values. This cdligbprovides the analyst with more options for
obtaining high-quality results regardless of angiferences or attenuative problems because thgsana
may select lines devoid of such effects.

The identification of waters-of-hydration with PGAgrovides a direct analytical method that no
other nondestructive analytical technique affofidsese waters-of-hydration would normally be detesdi
inferentially on a massive sample by driving offethvater, capturing the water on a pre-weighed
dehydrating agent and determining the water gravioadly by weight difference. In PGAA, the hydrage
and oxygen may be determined directly and indepathdenhile the qualitative deduction of water ass
from an evaluation of the atom % values (i.e., &afio). Also, more significantly, there is no other
nondestructive analytical technique that assaysivanghydrogen atom directly. The most common
alternative method is combustive analysis to formter and quantitation of the collected water by
gravimetry.

From general documented records at LBNL, fluorig ion has apparently been used as part of the
carrier substrate for much of the Laboratory’s 3gemventory. The experiment conducted at the Bedap
Reactor PGAA Facility using CaFCeR, and CeGI(H,0), determined the By true PGAA, an experiment
that will be repeated in some form at LBNL using tBNL neutron generator. Also, as we have shown,
LBNL can use short-lived neutron activation (NAA9 an adjunct to PGAA since the two methods are
complementary. In certain cases (e.g., staflend?’Al), the decay gammas from a short-lived activation
product (e.g.?F with a {, ~ 11.03 seconds and a single decay gamma of 16@%.6nith an absolute
abundance ~ 100%) actually supersede, on the basensitivity, the corresponding prompt capture-
gammas for the same isotopic moiety. Although therine analysis on the synthetic sample described

above was performed by PGAA, NAA for this elemenbétter and can be performed simultaneously. For



very short-lived NAA, the activation product attsiaquilibrium rapidly during the irradiation prosesnd
can be detected with the PGAA gammas. Thus, patieot BNL PGAA research will include evaluation
of short-lived NAA to determine its applicabilitgif certain elements.

We are developing a complete PGAA design that dpéimmthe neutron intensity on target, the
detector characteristics, shielding, and the olexdtem geometry. To increase neutron-captureseros
sections further, ‘cold’ neutrons may be used.Hhis tapproach, thermal neutrons are cooled with ainy

various cryogenic moderators (e.g., liquid hydrggaaced outside a (internally nickel-coated) guidlee.

In accordance with the }\// dependence®, the capture cross-section increases as neutron temperature
and, consequently, neutron velocity decreases, smce o oc . Provided that the angle of
quently y gp o K= Vi J

impingement of the ‘cold’ neutrons is less than or eqoaome specific critical angle — the largest for a

58,
single substance is for stabféNi where 6, =0.01731 |0, (radians), A(nm)| = 0.47 @ 0.4 nm®

— the neutrons contained in the neutron guide asdgtenuated for many meters and may be directed on
target in a low-background counting area.

For PGAA to be accepted as a viable techniquepniyt must the quality of the overall process be
demonstrated but also regulatory adoption of a igéride minimus’ level below which any irradiated
material is not considered to be legally radioactinust be obtained. By definition, the PGAA/shoréd
NAA process transmutes isotopes that may, in thenyadioactive with variable half-lives. Short-kive
activation products may be allowed to decay folloyvirradiation. However, certain long-lived actieat
products may be produced liR¥o, although in very small radioactive quantitibthe PGAA system is
optimized Assuming a fOns'cm? thermal neutron flux impinges on a target for omeur, no
radionuclides with , > 1 year can be produced exceeding 80 Bd/@woth the United States Nuclear
Regulatory Commission and the United States Demantraf Transportation have established such a ‘de
minimus’ level at 74 Bg/gm (2 nCi/gm). This valueosild suffice for PGAA/short-lived NAA but it would

have to be adopted across the breadth of the USit#ds Government.
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Tables

Table 1: Atom % Data from PGAA Analysis of Syntledtiegacy Sample

Table 2: PGAA Results for Synthetic Legacy Sample

Element | Atom (%)
H 30.23
B 8.52E-05
F 31.31
Cl 6.26
Ca 8.44
Ce 8.57
Fe 6.32E-02
Co 4.36E-03
Sm 5.14E-04
Gd 1.70E-04
Dy 3.89E-04
Er 3.33E-03
O 15.11

Masses (gm)

Compound | Ca | F Ce Cl
Chemical Compound

CaF, 1.0258 0.5266 | 0.4992

CeF, 1.5182 0.5338 | 0.9844
CeCl3(H,0)x 1.4916 0.6110 | 0.4630
Total: 40356 | 05266 | 1.0330 | 1.5950 | 0.4630
% Of Total Mass: 100.00 13.05 25.60 39.52 11.47
% Of Total Mass (PGAA): 99.8 12.9+0.6 | 22.6+1.6 | 46.5+5 | 8.4+0.3
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Figure 1. 10 minute count following 15-minute baardiment of NaCl sample.
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