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DisclamER

twndestructive, Energy-Dispersive, X-Ray Fluvrescence Analysis
a1 Product stream Concentratfons fcom Repracessed Nuclear Fuels

by

David €. Camp and wavine U. Ruhter
Lawrence llvermore laboracary, Livermore, UA 94550

AUSTRACT

Enerygy-dispersive x-ray tfluorescerce anaiysis (XRFA) cun be ased to aedsure
nondestructively pure and -ixed U:sPu concentrat.ony in process streams and
hold cank soluttians. e i22-ke? gamma ray trom ?/Co excites the actinide

K x rays which are detected hy a PGe detactor, A computev= and disk~based
analyzer gystem provides capability tar waking on-stream analyses. and the
noninvasive measurement ls easily adapred directly to apprupriate sized

pipes used in a chemical reprocessing plant. Measurement times depend on
concentration and purpose but vary from 100s to 500s for process control of
strony to weak solutions. Accountability measurements requlre bettar accuracy
thus more time; and for solutions containing plutonium, require a mnasuarement
sf the solution radivactivity made with an automatic shutter that aclipses

the two exciting sources. Plutonium isotopic tbunaances can also bYe abtained.
Concentrations in single or dual elcment solutions frowm less than 1 g/l to over
200 /1 are deterrined to an accuracy of 9.2% after calibration af the system.
For mixed solutions the unknown ratie of U to Pu is lipearly related to the

net U/Pu Y x-ray lntenslties. Conceatration values tor ratlos different than
the callbration ratto require only small correctians to the values derived

from a .alibracion polynomial. Minor tission product contamination does not
prevent _oncentration determinations by XRFA. The cemputur—based system

also alluws real-time dynamic concentration measurements to be made.

FEY wORDS:  X-ray fluorescence dnalysls, nondestructive measurements; urantium,
plutonium concentration and isotopics determinations; reprocessing
plant process control, accountabiiity, inventory control, dvnamic
concentration measurements, on-line real-time measurements; computer-
based system.

LNTRODUCTIOR

Product Aczountability and Process Control

In the avent that spent nuclear fuel s reprocesssed ta reclaim uranium or plutonium,
several nondestructive analytical techniques can be used to obtain process control and
product accountability inforration. Generally, reprocessing begins with dissciution of
the spent fuel followed by eeparation of the fission products; and finaily purifjcarion
of the desired actinide eivments, uranium and plutonium. These two elements may appear
in separate streams or may occur together as a caprocessed atream. The single aand/or
dual element streems will ugually be concentrated and sent to a hold tank for aceount-
ability. Throughout the separation there 15 a need ta control the procesy, that {s, to
monitor and regulate the actinide concentrations In order to satisy chemical engineering
or criticality safety considerations, ..

*Work performed under the auspl.es of the U.S. Department of Energy by the Lawrence Livermore
Laboratcry under contract number W-7405-ENG-48.
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Input concentrations i{nto the various process, held, and final accountability tanis
will encompaas a wide range of conccatrations. Values from less than L g/l to perhaps
more rhan 200 g/l can be expected. Furthermore, a wide range in Lhe uranium to plutonium
ratio may occur In cuprocessed streams. These varlous process streams and tank con-antra-
tion, can be monitored on-iine, rapidly, nondestructively, and quancitatively using the
dnalycical technlque or eneryy dlspersive x-ray rluorescence analysis ({RFA). The technique
also provides sufflclent accuraey for Safeguards accountability purposes over the entire
cange of stngle or dual element gtream cuncentraticns expected at a reprocessing facility.

Eventually, the coprocessed product may be precipltated end converted Lo a powder
blend of uranium and plutonium cxide. This mixed oxide {MUX} prouuct way be packaged
tn standard amount,, e.g, canisters coutaining 2000 p ot MOX. Since spunt tuel recelved
{rom ditferent reactors will not have the same burnup, the elemestal and {satuplc
compositions of various MOX batches will differ. Thus, for accountability, inventury
control, and subsequently fuel fabrication purpeses, there is a need to know the percentagu
of plutonium enrichment., Furchermore, the i{sateplc cumposition of che product ls requlred
tor filssionability information. Those 1vo measurements, enrichment and iscotopics can be
zade by the nondesrzuctive technijue o{ gamud-ray speccrometry. Descriptions of these
measurement procedured’ anu techaigues=- can se tfound elaewhere.  This paper ts limitued
to a dlscussiou of how energy dispersive XAFA can be used to quantltatively wmeasure actinide
solutlon concentrations that are =ncounteted throughout reprocessing facilitles.

Jverview or XRFA

The analyrical technique of {RF: depends upon che abiliLy to excite atoms withii a
sample, and to measure accurately the characterisitic x rays emitted from the excited atouws.
The atoms may be excited in many different ways, These include the use of ordinary x-ray
tubes, with or without filtered anodes; irradiatiom by 1,8 , vy, Or x rays from radioisotopes;
bombardment by charged particles from accelerators; hombardment by electrons, as in electron
microprohes; lrra.iation by secondary x rays from a selectud target element, or by polarized
x or v rays such as from synchrotron tadiatien; self-uxrnitation, it the sample contains
radioactivity; and by observing x vays that follow certain nuclear decay modesd.

Phenomenologlcally, XRFA can be understood as follows., Assume that a tlux of exciting
radiatlon composed of photons uf energy, , Ls incldent on a gample. A small part of the
incldent radiation tlux may not interact with tne sample at all; anuther part may scalter,
¢ither with or without some snergy loss; and part of the flux may be completely absorbed by
the sample. A simplified representation of one {ateractlon is illustrated tn Flg. (. If
the lncident quantum is totally absovbed, and Lf Ep(keV) is greater than the binding energy
vt one of the atom's electrons, then one of the ghell electrons will be ejected. This
creates a vacancy in one of the atomlc shells, which leaves the atom in an exeited state.

1f the vacancy created {5 ln the K-shell, then it wmay be filled by a transition of an
electron frow an outer shell Into the inner shell vacancy. This results In either the
vaitssion of one of the atow's characteristlic x rays or an Auger electron (which rarely
escapes the sample). 1E an x ray 18 emitted and escapes the sample, it is available for
spectroacople analysis., Since all of the characteristic x rays assoclated with an element
are well-known, Lt is pogsible to identify most of the elemental constrltuents of a sample :
through x-ray fluarescence analysis. A moce detailed discusslon of the technique can be
found elsewhere.3

The next section degeribes the experimental equipment, including the computar-based
analytical support inatrumentation, and the procedures used in obtaining and reducing
the datas The section entitled "Experimental Results” will present results obtained on
single and dual element aftrate solutions for & range of concentratlons. Thls section also
discusses the effects that any fissfon product activity in the process streams will have
on the determination of actinide concentrations.
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Exciting radiation The vacancy is filled by
of energy =, (keV) is an atcmic transition into the
incident on an atom K-L-or M- . .. sheil

K series
: L series

M series
The atom then

) ] emits an
It is transmitted, Auger electron
scattered, or
or absarbad

a characteristic
K. L or M x-ray
N-shell

5 O-sheil
ivjmn
If absorbed, a K, L,orM ...
photoelectron is ejected

itE, >B.E (K. LLM..) e (keV)

Fig. L. A representatlon of energy-dispersive x-r.ry il-wctescence analvsis (XRFA). The
nmber of electrons within a shell and the number of shells fepend on the particular atom.

EXPERIMENTAL EQUIPMENT AND PROCEDURES
Excttatlon Source Requirements

Gamma THYS can be used to excite x rays trom atom. within a sample. The binding
energles of K electrons {n uranium and plutonium are 113,39 and 121,72 keV, respectively.
Since the primary gamma ray emitted by Co has an cnergy ot 122.05 keV, {t is an optimum
exclting radiation for these two acrinide clements. The asxciting radiation is usually
collimated in same fashtan that depends an the geometry of the sample. This ruduces the
radlation fluurescence nf, or the scater (row, nonsample materials. 1n the application
of lnterest hers the sample was a soluticn contained within a cvlindrical geometry, usuvally
a stalaless stael cell. The colllmated 122-keV gauma rays lnteract with atoms in the
solution, creating x rays characteristic of those elements. dissolved in the solution.

A portion of the emltted x tays strlke the detector, and from the energtes and tntensities
detected the elemental concentrations Ln the solutlon can be determined.

Lithium-deifted silicon, S1{L1), Ls un excellent radiation detecior for x rays with
less than 30 keV of energy, but {t becomes very inefficlent foi radiation dete-tion above
60 keV. Siance the K x-ray energies of uranium and plutonium extend from 94 to 122 keV, a
Lithiun drlfted or high-purity gemmanium detector, Ge(Ll) or HPSe, is used. For this work
3 10~om deep, 200-mm® WPGe detector wag useds It had an energy resolution of 515 ev FWIM
For the 122,05-keV gamma-ray peak of 3 Co. Since 37Co also enlts 570~ and 692-keV gamma
rays with branching intensities af about O0.16%, as well as other weaker gamma tays above

300 keV, thelr intensitiey must be strongly attenuated by introducing shielding between
the source and the detector.
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*Avallanle from !Sotopes Products Laboratories, Burbank, CA. Reference

Cleariy, tne x=ray fatensity recorded Sy the delector {ucCfedses a8 Che saaple to
dqetector dlstance decreases. owever, an the 'lstance is 1

Yess whleiding is
possible between the 'ntonse 7760 wources ind the dget .. The higher wnerg/ gammg rays,

which pass through Hevimet shieldlng (a tungsten alloy) and lateract w@ith the HPGe de-

tectos, create a Compton continuum that 4ppedars 4s a constant, voergy iudependent back-

ground bereath the U and Pu x rays. This background contribution increases with decreas-—
tng amounts of shielding, degrading the x-ray signal-to-noise rario. Additional high 2
shielding ts required dround the detector housing (above the cryostat) tu reduce hackground
radiatton detected trom the local environment and source-1{r sanpling,
ang Hevimet

Avcreaned,

rays from leau
can alge be excited by the source vamwa tavdy “ence, absoroers ot cadmium and
cupper are used a4s Liners on the top and bottom surfdaces (o elilminate these < rays, A
central 12.5=mm vollimation hole lined with cadmium allows part ot the x
within the sample tu strike the detector.

ravs released

The suurce=detecror  ulllaation assembly s shown in Fig.

.0 1 is TuuoomoLn dlameter
and A0 om thicke  Two ?7Co wources are colifmated to

Cwro Meamar The cadtoac tivis

way en:(.:ran.\‘Lud onto ¢ Lonemm-dlameter spot ok alckel tofl
stainless steel capsule* 4.8 an in diametor wd o0 ot thy
“terl obate andicsted o lies 2 i parn o or the tottan ot gl se Bon, wolon was osed
whett sandivay 1l ot the sotations. T aource=1ete ot

il ecase

§oin g welded

e Sy 3Temm thivk stainless

S ration assemhly oane Liauia-

Attrogen (LW dewar are separate lrow, and located

Eedon, “he clove Lad, 1t was used
when madudling solutions contatntng plutomium ~o tiat  aataniaat! v sl o b

wocontined in
the event 5t 4 spice.

onputer-2ased Audaive

Shlem

Yofavs omilted Trom che solullon idmpies were G2tected be tne til'he ddetector, anc thelr
responding pulses were preaupiitied and routed to a Janberra 1313 aaplitier and LanBa
pila-up rejector. Valld o .rput pulses were processed by 3 Nuclear Jata DO puilse neipht
inalyzer (FHA). The PHa, with its own Lal~1l alcroprocessor, was coupled to
microcomputer that had a 32K lo-bit-word memory.
W=l ang each Jdisk has a llbK-byre (1UBK~word)
sitt a4 lOM-bvre capacity was coupled to Che Loi-li.
Hazeltine video teletypewriter terminal,
iigital data plutrer.

an L51-
A lual tloppy disk was ccupled vo the
wpacier.  Also, a lual hard disk svstem
Othur system paripherals included a
m LA-180 Ligh-=speed line orinter, and a Tektronix

The computer nd disc-based PHA capabilicy adds a Consfderatle amount ot

versatilies
to the viperimentad

gtem.  In fact, in an wrual reprocessing instaliation a computer-t
fata analssta svatem would be essential, and probably Tinked o the plant's
computer cecturs Thiis partivunlar tem allowed successiv
ng perafited spectral analysis to he carried out 5
hatever automatic analy

sed
ceptral{zed
spector ty b stared on disk
amlrancously with data degquisitioan,
sequence s deslred, apprepriate sotrware can he writren ang
stored n tiobpy ar hard disk,

EXPRRIMENTAL RESULTS

spectra and Concentration Ranges

Pure Mranitur Soluttons.  The prewernt work tocussed on pure uraninm solutior _oncentra-
tions in the range trom Usb g U/ 1 ta a0 ¢ U/Ll.  harlifler work* Investigated solutionsg from
less than L to almos: 4U0 g U/l.  The tap spectrum shown in Fip. 3 is che result of an x-ray
tluorescence - nalysis of M uranium nitrate solution at 176 g L/1l concentratien contaf.ci
tn a 2%.4-mn diameter stainless steel cell with L.7-me wall thickness. Total analysis time
was 200 live time seconds at 26% analyzer dead time using two 3.5 mCi 37Co sources. The
energy reglon extends EFrom O to about 225 keV (55 eV/channel). The broad, Lntense peak
cenrered at about channel 1570 {s a result of the primary exciting radlation (122.05-keV
gamma vays) Lncoherentiy or Compton scattering through a mean angle of 140°, The cadmium
K rand KB X rays appear below channel 500 and result from flucrescence of the inner wall

Lo a compdny ot pro-
duct namu doag not imply approval or recommendatlon of the product by the University of Call-
fornla or the i'« S» Department of Enerygy to the exclusion of others that may be sultable.
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A <rus. section of the cylindrical
«21ter and detectar-collimator assembliv.
dless steel olate is part of the bottom Siee 3o The fo; speozram isoa 200 wecond,
didb-channel, XRFA ot uracium nitrate
solurion ac 176 3 /1. The solution in a

1t .uve houx assembly.

S 4-mm diameter statnless stee! cell with
Lo7-mm thick walis. The lower tuo spectra

show the 5= to 125-keV reglon expandea. The
aure {intense peaks represent 17h g U7l the
Less intense vnes 3.1 o ., 1. The broad
incoherently scattered pedr at 3% oV {s
more iatense Yot the wedaker solution,

Liuer oty orotoe fetector colitmation snfelding.  Gafn and zero © bilizers were used for
VML odaty stasmed. The Ko 23 N rav was used tor ceroe stabflization, vhile @mily, the
aranium Kl ox-rav vor ko lpiutonium) was used for caln stshiltzattion. The 1.2.3% ang
LIbe=u=ge Y gamma=Tay peaks result trom cohereatl scattucing of the 2700 source eméssions,

A aearl, tlat piateau at L0 counts or lens exists abuve channel 2200, This plateau results
trom the Compton distribution ot higher energy gamma rays (340-, 352-, 370- and 690-keV,

at al.) which penetrate the Heavimet shielding and Compton scatter out of ar {nto the HPGe
deteetor.

The lower section of Fig. 3 shows an expinded view of the §0- te 13U-keV teglon of
two spectrd, one representing 176 g U/Ll, the other 3.27 g U/1. The data are shown as it
equivalent (ounting times (200s) were used tor the two concedtrations. Nete that as the
solutfon concentration increases, the x-ray peak intensity increascs as expected, but the
{ntensity of the lncoherent scattering peak decreases. The Intenslty of the coheruntly
scattered 122.05-keV peak also {ncreases with cowcentration; however, most ot the coherent
gcattering observed here occurs off of the stainleas steel cell, The stnglet Kad and
Kal uranium x ray peaws appear at about channel 1720 and 1790, respectivelyv; while the

I



Ko % ray multiplets: (Kal » Kgd v lad) and «Kal v des v Koy dppedr near ctidnoels Juuy

and 2101}, respectively. Only the intenstties of the Ka « ravs are Jetermined and uswally
naly the Kal peak 1s used Lo eatanlishing 4 callbration relationship (discussed velow).

The Kal x-ray peak containsg 2,0x102 zounts for the 176 g UL solutian; while for the

3.27 g /L solutlion the Kal peak contains 7600 counts. This latter {igure corresponds

ta an accuracy of 1.15Z frum statistlcs alone tor a 0d-secand caunting analysis (A-mlautes
cluck time} througn stainless steel pige.

Pure Plutonium Soiutions. The coacentratien tange examined tar pure plutonium
solutions extended from 3.3 g Pu/i to 0.4 ¢ Pus L. The top spectrum shown fn tla. + s
rhe result »f an x-cay tfluorescence analvs's of 3 plutonium nitrate solution with uliia
Pusi contained in the l5.4-mm stalnless szeel cell with l.7-mm wall thickness. Total

analysis time was 200 live time seconds at nearlv 432 deadttme.  The encrgy raginn is

3

the same 4% thAt Ior Fige 3, f.e. 02223 geV. Notu Lowever, thar the natural radloactiv.ty
arising from the plurtoniam {sotopes and their decay products adds Rumeraus gadms cayvs
throgphunt the spectrum. The hroad, inteunse, ompton scatteted peak tvom the 122.03 weV
wxctting radlation s -till prominent, sut ao loager dowiuates the specivum.  The Jier
SLTONE pRAR jusl abovrzv;hannul D00 Ls the 39.33-keV gamma ray from the decay of ~"l.-\m, a
davghter activity or salpy. Tils peak would not be nesrly so {ncense {n freshly reprocesced
4o'utions.

The top spectrum in the lower sevtion w@ Fip. « shows au eqpandea vlew ot the U= oo
130 keV reglon or the vaow  tu/l solution spectrue.  The other spectrum (s a 200s count
ol the solutfon radiloactivitv, it «as wbrdlied using a0 autamatic shetter +ha. can
otall; eelipse the two 2'Co excitlng sources. Tie f{ryt zwo peaks in the radloactivity
spectrum (at channels 1720 and L760) are the X,32 % rays of uranium and neptunium
(UKal at 1790 and HpKal at B435;, which are results of the :-decavs of 238py ang ~40py
to =34 and 23(7',’, and 2%lam o 2 Yp, raspectively. The complex multiplet located berween
channels 1865 and 19G0, ts a composite of the 24lam 102.97-keV, 239py, 103.52-keV, dipy
103.08-ke¥, and 2%9Py 104.24-YeV yamma r.ys. Ihe presence of the 239p, 9H.78 eV ind the
hlam 8.9y kev gamma rays on the upper energy side of the uranium K:l x rav at channel 1790
Ls alsn clearly evidenc. The weak sateilite _ocated at abour channel 1910 {s from the
¥12 s-ray of plutonium and the 99.8b-keV yamms ray from 23py,  The plutoniuws % ray is a
result af the gamma=-ray activity within the solution self-iluorescing the resident plutonium.

All of this addlzlonal x-and gamma-ray activizv adds considerable ~somplexity to the
Tioum. Clearly, the complexity added will depend both on the plutonium :sotaples and the
ice 9o ne avlution since reprocessing.  3ecause it is lopossible to know this contribution
4 priori, the experimental procedure, thar leads to the most accurate quantitative results,
is to subtract the solutfon radicactivity dJata from the (RFA data to obraln the net,
zxternaliy excited, plutonium x~tay intensities. This requires two countiny periods, one
vor solution fluvraescence, a second for snlutlion radloactivity. The length ol each measure-
aent period will be governed by the desired purpose of the measurement and the solution
concentration. That is, process control concentration vialues need not be Jdetermined a.
Accurately as those tu be used {or accouncability or {nventory prrposes, As a general
rule, 1f equal counting tlmes are used for the XRFA and solutien radioactivity measurements,
sufflclently accurate concentratiun values can be obtained.

Fly. 5 ghows the Ku2 and Kal x rays of uranlum and plutanium obtalned {n tuo separate
XRFA spectra, nne taken of pure 60.5 g U/Ll; the other # result of the net (total XRFA minus
solutlon radloactivity) XRFA spectrum Erom 60.4 g Pu/l. Only the 90- ta l07-keV reglon
of the spectra are shown. Both are 2008 counts; however, the plutonium solutlon was
excited 34 days after the uranium solutlon and had not heen corrected for decay of the
57¢co soutces. Including correctlons for both the coucentration difference and the half-lite,
the fluoresced itntensity for plutonlum is 2.2% greater than that for uranium. This
arises primarily from the fact that the K edge of plutonium (121.72 keV) s aearer the
exclting radiation (122.05 keV) than {s the uranium K~absorptlion edge (115.59 keV). The
careful observer will note neuar channel 1850 that the plutonium spectrum in Fig. 5, which
ts the dlfference between the two spectra shown in F'g. 4, shows more counts, yet mote
statistical fluctuation, than the uraniuwm spectrum.
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Fig. 4. The top spectrum shows ar XRFA ot plutonium nitrate with 60.4 g Pu/l ia the stain-
less steel vell. The lower twy spectra show an expansifon of the 30- to 125-keV regfon for
tie (RFA spectrum and fts natural radloacrivity (two exciting sources eclipsed). The
jirference hetwuen the two ylelds the net XRFA spectrum (see Fig. 5).

Spectrum Analysis. The number of counts ln an ¥-ray line wmust be determined to
callbrate thc XRFA technique, or deduce an unknown solutlon concentration once the syscem
{s calibrated. For pure uranium solutions the total or yross apumber of counts within a
tixed channel window surrounding the Kol x ray can be used to callbrate® the system. For
pure plutonium or mixed uranium-plutonium solutlons this method will not yield quantitatively
daccurate conuentrations. Instead, the net counts ahove the background continuum mugt be
determined.

The peaks of interest In XRFA spectra are x rays which have a more compllcated 5hupe5
than gamma rays. Gamma-ray peak shapes arising from germanlum detectors consist of a gausslan
distribution, plus short and long~term tailing components on the .owev energy side of a
peak, The gaussian term arises because of the statistlcal sharing of energy deposited
between electron-hole production and phonon production (vibration or heating of the
permanium crystal structure). The full width at half the maximum peak height (FWHM) of
thid gaussian depends on the detector capacity, peak energy, and pulse amplifying electronics.
The short-term tail is a result of the Intrinsic charge collection capabiliity of a detector,
which depends primarily on the getmanium material quallty and detector conflguration
(planar, coax, 3-sided). For a given detector the energy dependence of the gaussian FWHM

. and short tetm tall components is defined by measuring strong singlet gamma rays throughout
the spectral reglon of Interest. The long term tall (s sample dependent, e.g. massive
samples give rige to more small angle, forward scattered gamma rays than do polint sources.

An x-ray pesk shape lncludes all of the effects arising for gamma rays plus an
intrinsic Lorentzian line shape, which extends symmetrically to both Lower and higher energles
‘bout the peak centroid. For the U and Pu Ko x rays, the Lorentzlan widths vary from 106




to 114 eV. The distribution abserved in a spectrum, then, {9 a convolution of the Lorentzian,
gaussian, and short-and long-term tailing components. Figure b shows the form all of these
components take for the K12 and K4l x rays of uranium.

The gamma- and x-ray fitting algorithms were combined into a code called GRPANL
(group analysis). To determine the energles and/or intensities of one or more peaks within
a gpectral veglon, the user musc specify (1) the number of peaks in that region; (2) whether
they are pamma or x rays; (3) 1f x rays, their Lorentzian widtha; (4) their approximate
peak positions; (5) their lntensities, or Zjpacify tf they are to be determined; (6) the
background glope over the reglon, Lf any; and (7) the approximate {or exact) values for
the peak shape parameters (gaussian FWHM, short-and long-term tailing amplitudes and slopes).
Generally, the latter are known from strong singlet gasma rays that were recorded and analyzed
eatrller. The conergy calibrativn for the region is specified by entering the conversian
gain (eV/channel) and the Lntercept energy, or by entering the energies of two yrrong peaks
in that reglon. Thus, UGRPANL {s a4 code used tu determine the {ntensities of peaks with knuwn

positions, and is not a general purpose code deslgned to resolve multiplets of unknown
complexity.

For an analysis of the pure uranium solutions the same channel reglon (from 1696 to
1812) was used for all of cthe concentrations measured. Similarly, for pure plutonium solu-
tions, the reglon from 1780 to 1910 was used, and for mixed solutions, the ragion 1696 to
1916 was used. A somewhat wider window was used when carrying out an lsotoplc aralysis of
the natural radioactivty spectrum.

Calibration. Sets of solutlon standards have becrn prepared using ACS grade natural
uranlum (for pure uranium) and plutonium metzl (for the pure plutonium solutions). Suffi-
clent N0y acid was used to adjust the acld concentration to 3.0M. At least two runs and
senerally three were made for each concentration. All data were obtained using the
same 25.4-mm stalnless steel cell, which was thoroughly rinsed and dried between solution
changes. A fiducial line was inscribed lengthwise on the outside of the ceil. Two lucite
“feet” captured and positively positioned the cell on the stalnless steel floor of the glove
box. These "feet" and the fiduclal line on the cell allowed the cell to be accurately
repositioned above the soutce~exclter, and detector-collimation housing.

Fipure 7 shows the net counting rate (left ordinate scale) for the uranium or plutonium
Kal x ray as a function of solution concentration (top scale). The plutonium count rate is
2.2% greater than uranium for a given concentratlon when corrected for haif-life (the two
curves are not resolved in Fig. 7). As the concentration increases, there is less than a
Linear Llncrease in the count rate. This decrease in the count rate slope 18 a combinatinn
of increasing self-absorption of the Kal x ray withln the solution and an effective decreaae
(n the solution volume (penetration nf the exclting radiation) as the_concentration is
fncreased. Clearly, the net count rate observed will depend ou the Co source strength
(T /2 = 270 d), the experimental geometry, the cell or pipe wall thickness, and the HPGe
detector uwfflclency. Furthermore, at 150 g U/l the rate of change of count rate with con-
centratlon becomes less sensitive, l.e. a lX change in count rate corresponds to almost a 3%
change in concentration for the 25.4-mm cell. The observed count tate Ls also sensitive to
changes in geometry, and to changes ln the system dead time which varies with concentration.
Alr bubbles ln a flowlng stream wouid also affect the observed count rate. Thus, it is not
deslrable to use the count rate vy concentration cutve to define a callbration relationship.
Rather, Lt Is better to define one that is independent of the source half-life and system
dead time; that i3 Llnsensitive to wminvr changes in geometry and stream flow condltions;
and, that L4 mare sensitive to concentration changes with lnereasing concentration.

[t was noted in the two spectra shown in the lower portion of Figure 3 that as the x-
ray intensity increases, the 140" incoherently scattered 122~keV radlation peak intensity
near 86 keV decreases. A ratlo of the net Kol x=ray {ntensity to a portion of the spectrum
that includes the lncoherent peak is more sensitive to concentration than the count rate.
The concentration in g/l can be related to this ratio through the relationship:

NKal
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where HKal ls the net number of counts in either che uranlum ur plutonium Kal x-ray peak,
Gl is the gross number of counts {n the {ncaherent peak channel 150C-le40, and K is a
nonl inear callbratlon patametor having wnits of g/l. This ratip 18 lndependent of source
exciter hali~1ife, changes in dead time, and small changes in geometry.

The lower portion of Figure 7 shows the behavior of K {right ordinate scale) vs
this ratto {lower scale) for the stainless steel cell containing a uranlum nitrate
solucion. A similarly shaped relationship exists for the plutonium K caiibration pave.eter.
The increase Iln K at higher concentrations is effectively a result of increasing self-~
absorption of the U or Pu Kol x rays dnd decreasing fluoresced volume as the solution
concentration increases. A least squares fit to 1n(R), expresssed as a polynomial function
of the natural logarithm of the parenthetical ratio, reasults in the equations shown as
insets in Fig. B at the top for uranlum, and at the bottom for plutonium. Also shown
ts the percentage deviation between the calculated and experimental X as a function of
solution concentravion in the cell. The wmcan abgolute value difference ts 0.28% with a



ool medn square devistion ot Ue231 tar aranluw, «ad SOHTRLUN Y CuT plutuniun. The
error bar shown at each {ndivtdual concentretion caitvrdtion value represents “he
reproducanility or precision obtained for 3 runs. The counting statistics obtalned for
the Kul x ray for any siogle run varied betweun .on and 5,04

Mixed Uranium-Plutonium Solutlons. The proba™:- tunge t aialion coucentiations
ot interest for mlxed U-Pu solutlons extends :row several gtans per litre to perhaps
saveral hundred grams per litre. The uraufum to lutonium ratio may have almost any value
but for thiy study wds conflned from 2.3t t» "v) to 1. Table 1 lists the rauge of
solutlon coacentrations measured for three different uranfum to plutonium ratlos, and
tndicates la parentheses the estimated conceuntration error wmade [n solution preparation.
Both stock solutions were 3M nltrate solutions. The estimated ertors vary trom U.lX for
the most coucentrated solution te just over li for the weakest solutton.
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A} The waximum ostimaten =rror made in rhe selutlon preparation is shoue {n parencheses.

Three 90~ to 107-keV spectra are shown in Figure §. The top spectrum represents a
10003 XRFA or o« nitrate solution contalning 175.3 g U/l and 30 g Pu/l. The middle spectrum
represents a L000s spectrum of the soluticen radloactivity cbratned by cclipsing the two
exmitacion sources. This compllcated spectrum contains a rotal of lh gamma and % rays
within a 10 eV region and suggests why an accurate quantitative analysls of the top spectrum
ts very difficult. The lower spectrum is the difference between the top two spectra,
that is, the net fluoresced lntensities of the uranium and pluconlum K% x-rays. lote that
the neptunium x rays s2en In the upper spectrum are completsly absent in the lower spectrum.
Their presenc: Ln the upper spectrum is solely a result of the solutlon radioactivity being
counted simultaneously with the fluoresced activity, It s necessary to use GRPANL on the
lower specfrum Lo correctly resoive UKal from PuKu2 seen near channei 1800, For all mixed
solutions the same reglon {channel 1696 to 1Yle) was analyzed.

The tup twn spectra shown fo Flgure ¥ were accumulated for counting times that might
be used tor an accountabillity weasurement. The total clock time required for both measure-
ments was about 43 mlnutes, and the resultling accuracy in the peak aven determinations
for the difference spectrum is under 0.3% for UKal and about 0.4% for PuKal. Thus, results
accurate to better than 3.5% can be obtalned far high concentratlon solutiuns in iess than
one hour, and wlthout the necessity of doing any off-line analyses. In the event process
control Informatlon werw needed for such a concentrated mlxture, an entire measurement
would require no more than tew minutes, {.c. a 100s Llive time fluorescence count and a
L00s rydloactivity weadurement, plus analysis time. The overall accuracy of the concentra-
tlons determlned would then be of the order of 1X%.

The top spectrum shown in Flgure 10 repregeuts a 500s tluorescence of a mixture contain-
tng 35.1 g U/L plus L0 g Pu/i. Once s solution’s total actinlde concentration falls below
50 to 60 g/l, the spectral ceglon contalning the U-Pu x rays of interest cannot he accurately
analyzed by GRPANL unless a distribution for scattered radiation from pure nitric acid is
subtracted from the fluoresced data. 'The intenslty distributlon of the incoherently
scattered exciting vadiation In the viclnity of the uranium and plutonium % rays decreases
by more than a factor of ten within 12 keV, and does sc with a steep, compound exponential
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The peaks that apjear {n the lower
500s solution radiovactivity spectrum te 3 pure aitric aoid distributiun.  RPALL was
used to determine the net uranium and plutonlum x-ryy intensities on
which s the difference betweern the upper
weer

eutrun ot Flaure o) ace 4 roesall of aading the

4 specirum (net shown)
id lower spectra shown.  The statistical
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e

1a the chanael o5 channel {ata
the same as zhat 2t the oraglnal data, »arti FoLn nonmreds rewvicns, e... above
channe! 1900. Thus, In order to aotaln a reailstic chl squared waiue from “he GRPANL

t{t, a coastant (s addid to the entire reginn. The constant udded has a standard Jdeviation
equal to the meay value nof the standard deviactions |

t5r the average number >f counts in
che pre~ and post-background reglens (L.e. 1686-1n3) aud i317-19726),

leTenty SDeClTam

shown) will nat be

The 5005 l{ve-time XHRF spectrum shown in Flgure 10 represents the amount of time that
might be used for a process control measurement of sclutiens having median value urantum-
plutonium concentrations. If the typlcal 204 analyzer dead time is {ncluded, the XRFA
measurement would regquire 10 nioutes (clock time}, and would yield concencration values
accurate to about 2%, even withu:it making a guantitati{ve correction for the solution radio-
activity. That is, in order to cuntrol the chemicai process Lt may be suffictent ta determine
the wolutlon concentration to only & few percent. This assumes that the plutonium {sotoplcs
do not vary widely from day to day {or batch to batch). Howevar, for accountability or
{nventory control measurements where better accuracy is required, the solution radicactivity
wust be measured and the more exact quantitative procedures described above used. Account-
ability measurements cannot be done as quickly as those for process centrei; amd generally,
will also requlre replicate analyses.
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Caltyration wt Mixed dolutions.  JUuSt as was dofe fof Lie pulfe dfaniusa or plutonias
sulutivne, Lt is puseible "o detersine 4 cslibratiun

Howewnl, aecause the Dita ratio can

pavapeter, ¥, tor tne mixed solutions,
cary, Fowtll e valld unly tur a siogle value of tne
granf{um <o plutenlum ratioa.  Seven 2t the 13 solutions smeasuresd (see Table 1, had a
cancentraciun ratio of 3,5 to 1, thus ¥ was evaluated for this ratic.
shotm In the tip poction of Flgure 11 shiuws the brhaviar ot
cnuntg contalned in both the uranium and plutealum K4l 2 rays

The smouth curve
versus the ratioc ot the net
and to the area »f the gross
in.oherent peak {channels L5GO-1640). lNoce that the nuaeratur uf the abclssa now contains
the total actinide K2l x-ray intensity. The resulting polynomial for In(K) {s shown as an
inset in the top most graph of Flgure 1l1.  The tit of thig expression tu the experimental
data is showu in the lower gxraph nf Figure 1l. The mean for the absoiute values of the
Jitferences is D.ly+). 274, The =rror bars shown
hiiity ovbralaed tur 3 runs; whila for any single

counting statlistles were obtained in NPuKal, and

tor each pulat represent the reproduct-
run of any mlxture, hetter than 0,64
better than .30 for NUK3l.

The arantam o plutenium ratio is not alwavs .50 'evertheless, the total actintde
concenLtatlon may be ohtatned from the callbratlun parameter polyaomlal after a small
cutreetlion {8 appliled. The necuessiiy tur

'hds correctlon Jepends
Llearly,

rorf snlutions coatatanilng unknown concentrationg i
1186 yn#nuwn. However, because thelr
and thelr absorption unefficients are
ratio ts aeacly equal to the racle of
rigure | shows that the observed U/Pu

ratiy

an tne U/Pu ractin,
Yoand Pu, thelr ratlo s
tlunreszence 2LFiclene , thesr L x-ray energles,
very aearly wqual, theis actusl ntentration

their experlmental _ounr rates.

[

The top yraph {n
sunt rate ratio lacreases lionearly with the

of concentration of U/Pu. This linear relationship holds true ower the range 'roa
CiPuom <

GiPuos T, the concentration razies range examined in rhis study.  That ts,
-~

AU ppe. v LeDat i

! v
I )
NPagal ! =)

The approximate tacai actinide coucentration can be Jetermiped {rom the callbratlon
sulynomial shawn at'the top of Figure 1i.

correction in percent is glven by P, and {ts hehavior vs concentratien tatio
in the lower graph of Flgure 12. This cacvection ls posttive
than 3.5 ({.e., ¥ yields

Then, a small cortection 1s applied. That

is shown
tor all U/Pu ravios grearer
oo small of a total actinilde concentration) or negative

for all
ratios of U/Pu less than 3.5. Thus, che total actinide concentration {s given by
Il + Pu) = K ) L3
whore
. 0 o ; NUK.a .
Plo) = ~1.948 + 0. —— E
) ¥ 3. 59 { SFaiai t (a7
The indivtdual plutenium and uranium concentrations are yiven
Cipu) = (‘(LH:C‘Knl = C{U+Pu) 5)
+1.04861(3 1+R
UL B R Ra T (1+8)

R
cuy = R e
) R { C{urPu) ) (6)



http://Ci.lJ.tj
http://euLr.it
http://eT.ua

-

; - : 8 ——r ~ , T
500} " K 1U * Pul = 5.9957 + 1.232 tin X) - 0.7988 tn X)7 { R
400 i + 0.2361 (In X1¥ + 0 0784 (in X4 — 7+ ’
. i
£ 00 NKa1iy v Pyl e p. _
whare X & ——— - 6
200 Gt — oy e
—_ S //
¥ gk —
' - d
0oL : & e
001 0. NKalt~Pu) 10 T3 41— // .
Gl x s
2 e
T i Lz 3 ‘/
K "o 7’
10} K . - 24 - -
. . X | & “ L
L0586 . , 0 = gl U)o = 1,036 £ D.002 (U/Pul o |
- : . - .
D e T L ]
; | J N i ‘
05 , - Lyt - a l
- i _ - -
A N (L : .
Q.- 3K =018: 027 B » »
. G 2 7
i 2 5 0 20 S0 100 200 500 R !
Total concentration (U » Pu) i g/t %' a ot \
e NUKa1
“1,. L. The wpper graph shows the K callbra- o AP{%} = -1.98 + 0,69 (m)j'
“icn parameter ¥s experimental ractloe ftor mixed [;
wolutions taving L, Puo= 3o3/1. Note that the _4 L L L " ! N y 4
i wnldl expresstan (s dased on the sum st 1 2 3 4 5 6 7 8
s et X ray pudk intensicies of urandlum and .
,Latoniums The individual error bars {ndicate U/Pu concentration ratio
sustuductihility resulting from three individuval Fig. 12, The upper graph shows a linear
Tuns. relaticnship between ahserved U/Pu net counts

and actuai U/Pu concentration. The lower
plct shows the correction facter 2P zhat wust
be applied to the conceutration value vs the
UiPu concentration ratio.

it iy olear that the lincar relationshl

shown in Flg. 12 «ill aet necessarily hold for vers
Labxe ratias ‘gredater than 20/1) or very small ratios (less than l). To insure validity

nf the XRFA method, it must be calibrated aver the entire range of concentrations and
elemental ratlos that 1re expected to occut.

Jynanic Concentratlion Measureuzents. me af the advantages affered by che nandestructive

SRFA technique s its abiliry to vleld concentration values for flowing streams. Appropriate
precaytions must be taken Lo lasure that che stream will not be subject L3 foamw or sporadic
air bubbles at the measurement location. In the earlier work® detalled experiments were
carrled out tn demonstrate the techniques abtlity to make dynamic concentration measuremonts.
ilere, only a summary of those results wiil be presenced.

The tup section of Figure 1) shows a set of 24 measurements, The firat and last six
weasurvments were made with the solutlon static, while the central 12 measurements were made
with the solution flowing at 80 1/h. The static and flow results overlap well within the
precision of thelr standard errors. The flow system consilsted of a reservolr and tygon
tubing connected to a 25 mm diameter pyrex cell and a peristaltic pump, The pump forced
the solution to circulate through the tubing and cell and return to the teservoir by a
cylical squeezing action. Once a known volume of a speclific concentration ls {ntroduced
into a dry cell and tubing system, additional small volumes of pute acid or of a more
concentrated solution will change the initia)l concentration accordingly.
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LUy al of vhe .
system with the aell and tublng nrio  Appropriate vaol
and aeasured out, then lotroducea ot tegaiar fat

Glatnddrd sniutisn

21olat the
were cajloalatea

fluw system. THLS ausen
a uoncaatratliun reductinn of exactly oo g Wyl Tor eacn of rive tiges.  Then, Appruprlete
volumes ot more cuncentrated uraniam altrate solutions were introdured te increage the
wolutfon -uncentration 2.4 g /) tur each oF thres stens. This brought the concentration
to abour .01 g UL, whereupon a §inal ~aleulated volumetric aaditian aof 1M HNOy retarned
the solutlon tu Lts origlaal 06,0 ¢ U/1 concentratian,

oty the

The pause tfoe af (00Gs was selected on the basts of eariier Jynami{c concentration
runs. b owan samewhat Longer Yhan the time tequined tor the

aqutitnrlun after inteaductien ot an additlonal wolume.  ta

salution volane tu redch

1o analyals hed approximately
the wane statlstoeal accuracy P H03IX, however, the maean vdalues and prectsions (ndicated
AU eaun successlve concentration are determined trow mst the measurements made within that
iatervale  Note that the mean nf Lhe tirst and last flve dyvnamic connentralions measdrements
[TV S VN 0 A S ST ST i

Lept apreement W@itio the mean saiue of D200 Te L
trom the first 4

Kot
L static/flaw sycle mcasdremesity.

Fisslun Product s in ¥roduct streams. It s posutble that addfticral revels of
radivactivity might be assoc.ated with the reprocessaed actinide products. These gctivizics
wight he purposely added {e.g. P20 or S3Bpu) | or zhey could be risston products, «hiob
were not completely separated during the earifoer stages ot chemlcal purificatlon, (i
beyond the scope ot this report to dlscudy the reditfve advantages or Alsadvantages

2t wWddling such spikes. midice U ve say thar i significan® ieveos o activity oe
tound Lo the process stream and produc: forms - salutiund or 2axldes, then many ot the

anndestructive analvtical techoiques, vhich bave regqoired cears

»f duvelupment clae .and
Coslgnufleane casts,

v oot Se aseables Far the aurpeses oo thig studv, 1 itaple
vxpetiment was conducted in order to evaluate the behavior of the ZRFA techonique to
aadit{anal levets of actlvity la the prac

$4 or pradyct Streamd.

In nrder to simulate flsslon preduct actlwity ia the sralnless steel cell, 4.8 att
By activity was chemically prepared in altric icid soiucion, and luaded into the same
cell as that used ro couat the pure and mixed actlalde solutions. For the counting
peometty used throuphout these experiments, this activity represented very sneariy the
iimicing count rate that the non-optimized commerclal electroniss couid process. The
systen dead time approached 70%. The lower spectrun [n Fig. 14 shows 4 5005 TRFA of the
du~ o 1NT-ke¥ tegion of 4 L0G3 g U/L pluw 405 g Pu/l aixed solutlon.s  The tap spectzum
represents a 3005 count of rhis salutlon plus 4.8 mCl of Wiey activity, Thuy, assaming
that there were nu (lssfon product samma ravs within the 90~ to (u7-keV reglon, the major
eitect ol

13

tissfon product actlvitles on XRFA in process or product sireams !'s o raise

the background continuum level {n the region of tae x=riy peaks of Llnterest, nut the  ravs
can scLil ye acalyzed accurately, The tep Spectrum, rhen, cerresponds to a <$olution
sontalning W.D ¢ U/, 4.3 g Pu/l, and 27.7

sl gPu of tission product gamma-ray activity. !

s{nce the system's counting electrvonics were very near their maximun count rare limit, any
further increase (1 the stream's uranlum or plutonium concentrat{nn would lock-up or shut-
vt the electronics, Theretorn, (f hipher plutaniun salution canceatratlans were expecloed,
then the decontamination tactors fn the earlier stages 5t separatiun would have to be
{mproved. That la, 4 solution contalning about 150 g U/l and 45 3 Pa/) ecould be counted
it it contained less than 2.8 =€l of fission product activity per gram of plutonium.

Relative lsotople abundances, The absclute abuyndance of each of che plutonlum
i9utopes, except <*<{Pu, can be determined from measurements of the solution radicactivity
and concentratfon. A radioactivity measurement is made when an automatic, harseshoe
ahaped shurter is activated to eclipse the two exciting sources. The ultimate purpose
of, and thus the accutacy required from, the {sotopic abundance measurement will govern 3
the weasurement time, For example, a 10008 XRFA and solution radiocactivity measurement
af a4 175 g U/1 plus 50 g Pu/l solutlon was sufficlently long enough to accurately determine
{ts concentration for accountability or inventory control purposes (see discussion above).
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the same satution were aiso desired ta an equivalent
Then the L0UUs radivactizity measuvrement time Ly

insuftictient.

Artses nor bdecause of a lack of s-lution radiloactlvity, but necduse the HPGe detector

15 Aimnst an srder of magnitude further away from the sample than [t need be, a result

T the shielalng required for the XRFA measurement.
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1f an additlonal Jetector were

¥ adjacent to the pipe, the ac:ivity count rate would be consideratly
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proauct might consis:z of two detecinrs, one devoted to XRFA, the other optimized to
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fetermine the relative isotopic abunuances from the solution radicacrtivity.
bYe programmed to contral both detector systems,
fcr harh analvses.

it discussed above have
=~rdv fluurescence analvsls (EDYXRFA) can determine the
plutoninm, or mixed uranium-plutenium solutions in flawiny

The cempnuter-
their measure-

demonstrated that enerygy dispersive
concentration ot uranium,
st atatic streams.

The EUXRFA techntique s nondestructive and can be adapted directly to pipeliases in

vaclllties thas b

W@t

ive process or product streams containing these actinide elements.
The technique caa also be used ta make aft-line measurements.

By using an automatic

shutter to eclipse the exciting radiatien, the natural radloactivity of the solutlen

alxture can be measured,

Thus, the relaxive plutonium isotopic abundances can be

dutermined tor plutonium solutions; while for uranium solutions, the degree of enrichment

in =

U can be deduced after calibration of the system.

The time required for the measurement depends cn the purpvse of the measurement

snd the concentration ot the selution.

Generally, measurements made to contrel or

monitor the process chemistry need not be made as accurately as these fcr accountabilficy

ard Inven*~ty control.
from 10y "~ 50C 5
grams per lirny, teapectively.

Typical analysis times for process control {nformation are
secands for solution concentrations from several hundred to a few

Longer measurement times are required for inventory
control purpuses where accuraclies betrer than 1% are desired.

The XRFA method is capable

of ylelding such accutacy if it (s carcfully calibrated and reproducible counting geometry

{s maintained.
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for cuncentrated golutions ceantatning atxed uraalas and plusoni:
cu the uranium =z-ray intensities trom pluraniom decay
tntenuitivs from {ts gamma-ray activitles aust 2e recoved. This is accumplished by aub-
cractilay ‘via the computer) e solution radicactivits spectrum from the LA spectraa.
Tren, the unknown uranium to plutoulum concentration ratio is determined €rom the ne:
intensities of thelr x rays, and the ludividual concentrations are nalculated fram
simple expressions.  Thus, accountablility measutements may requlre from one Lo tws hours,
the lounger times being required for the weaker concentratipns.  Hut, since an-line
resnits can be abtalned autamaticaily, ang wltboul any per onnel cuampie .ateTaction,
the aethod should stlll be cogt-eftective.

the Tenloioullons

and o the platunium g-ray

Floally, actinlde solatinn concentratlons an he

measyred, oy
ar tiuslon prodoct radioactizflty exists in the prooaducl solntien,
tactor {y the maxiows ount rate t acrtinide a-ray
tntensitiey stimulated by the (20-keV exeltlog tadiation irm oo awer suttinfencly
Intense o be seven apove 1ow fevelys or
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tiny

Wl the electronics san wandle,

tisslan product background tontinuuw; and the
x~tavy can be analyzed without a sacritice lo measurcwent accuracy, aven ftor relatively
iow golution concentrations. in conclusion ther, this technique should prove to be of
4reat laterest to enrlchment facilfties aad to spent auclear tuel reprocessing facilicies

itn which single 4r 1ual element acrinlde selutions must be measured or wonltored for
concentratlon and isat,oic coantent.,
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