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ANALYSIS METHODS AND PERFORMANCE OF AN AUTOMATED SYSTEM
FOR MEASURING BOTH CONCENTRATION AND ENRICHMENT OF URANIUM IN SOLUTIONS*

Thomas A. Kelley (C-6), Jack L. Parker (N-l), and Thomas E. Sampson (N-l)
Los Alamos National Laboratory

Los Alamos, NM 87545 USA

ABSTRACT change. Because of the necessity of measuring total con-

For the 1992 INNM meeting, we reported on the gen- centration down to 0.1 g U/t, x-ray fluorescence became
eral characteristics of an automated system---then under the choice of necessity for that measurement. K-edge den-

development--for measuring both _e concentration and sitometry can make excellent total element concentration
enrichment of uranium in solutions. _ That paper empha- measurements at high concentrations but cannot reach 0.1
sized the automated control capability, the measurement g U/t.

sequences, and safety feamre_ of the system. In this paper,
we report in detail on the measurement methods, the anal- The problems that cause error in chemical procedures
ysis algorithms, and the performance of the delivered sys- for measuring concentration are generally different from
tem. The uranium concentration is measured by a trans- those that cause error in nondestructive assay (NDA) pro-

mission-corrected x-ray fluorescence method. Cobalt-57 is cedures such as those reported herein. In most gamma-ray
the fluorescing source and a combined 153Gd and 57Co NDA procedures, the size, shape, and location of the
source is used for the transmission measurements, sample relative to the germanium gamma-ray detector are
Corrections are made for both the absorption of the excit- crucial. They must be constant and reproducible. These

ing 57Co gamma rays and the excited uranium x-rays. The requirements dictated the use of a custom-molded bottle
235U concentration is measured by a wansmission-cor- of fairly stiff plastic to achieve the necessary tolerances in
reefed method, which employs the 185.7-keV gamma ray shape and position.
of 235U and a wansmission source of 75Se to make correc-

tions for the self-absorption of the 235U gamma rays in The 2 3 5U concentration is found by a passive
the solution samples. Both measurements employ high- gamma-ray method, which will be referred to herein as
resolution gamma-ray spectrometry and use the same 50- the PGR method or the IGR measurement. The total ura-
mt sample contained in a custom-molded, flat-bottomed, nium concentration is found by an x-ray fluorescence
polypropylene bottle. Both measurements are intended for method and will similarly be identified by the acronymn
uranium solutions with concentrations >0.1 g U/l, al- XRF. lt will be useful to briefly review the general mea-

though at higher enrichments the passive measurement surement philosophy used, which is the same for both the
will be even more sensitive. PGR and XRF measurements.

INTRODUCTION In both IGR and XRF measurements, a sample large
The customer for whom this solution enrichment sys- enough to provide adequate signal at the lower concentra-

tem (SES) was developed desired to measure both total lions and enrichments will suffer significant data loss
uranium concentration and the enrichment [defined here from self-attenuation at higher concentrations.

as (concentration 235U/concentration LT) • 100] over a Furthermore, the higher count rates generated at higher

wide range in both quantities. Measurement capability concentrations will also cause significant data losses from
was required for concentrations >0.1 g U/l and for the combined effects of the rate-related processes of pulse
enrichments >0.3%. We note that 400 g U/l is about the pileup and deadtime. We, therefore, compute a total eor-
maximum concentration at which uranium can be kept in rected count rate for the appropriate full-energy peak (be
solution and that solutions with uranium enrichment up to it from a gamma ray or x-ray):

-97% are expected. For optimum accuracy it appeared
that the best procedure was to measure the 235U and total TCR = RR • CF(RL) • CF(AT)
uranium concentrations separately and compute their ratio

to get the enrichment. We had previously developed or
methods for 235U concentration measurements, 2' 3 which

could be adapted to the the present system with little CR = FEIR. CF(AT) , (1)

•This work is supported by the US Department of Energy, where TCR = total corrected rate,
Office of Safeguards and Security. RR - raw rate of data acquisition,
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i CF(RL) -- correctionfactorforrate-related TT = truetimeofspectralacquisition,
1 electronic losses, and
] CF(AT) = correctionfactor for self-attenuation A(ReJ) = full-energypeak areaof the

insample,and selectedreferencesourcegamma
FEJR = full-energy interactionrate= ray.

RR • CF(RL).
We do not need to calculate the CF(RL) explicitly; how-

If the correction factors are properly defined and com- ever, the FEIRof the selected gamma ray or x-ray is what
puted, TCR is the data-acquisition rate that would have we reallywant [see Eq. (I)] and it is given by
been observed if there were no electronic losses and if

thexewerenoself-attenuationofgamma raysorx-raysin [ A(y) Ithe sample. Thus computed, TCR is proportional to the FEIR(y) = • FEIR(Ref ) , (4)
concentrationof235UinthePGR measurementandtothe LA(Ref)J

i totaluraniumconcentrationin the XRF measurement.We
can thus write where A(y) and FEIR(y) are the peak areaand FEIRof

any selectedgamma ray or x-ray fromtheassay sample. It
TCR = K • C , (2) is usually possible to obtain quite accurate values for

FEIR(ReJ), but it is, in fact, not necessary. In systems
where C is the concentrationof the quantitybeing mea- calibratedwith the help of standards,it does not matterif
suredand K is a calibrationconstant.The calibrationcon- the assumed value of FEIR(Ref) is wrongbecause it can-

' stant K is found by using appropriatestandardsamples eels from the calibration equations. Only if we want to
and includes the effects of detectorefficiency, gamma ray accuratelyknow the magnitudeof CF(RL) is the value ofI

|

emission rates (in PGR), cross sections for x-ray fluores- FEIR(ReJ) important. This matter and details of the

li cence (in XRF), and geometrical effects. It should be method are discussed in Chap. 5 of Ref 2. We close this: emphasizedthatCF(AT)fullyaccountsforvariationsin discussionofCF(RL)byobservingthatexperimentsshow

| uranium concentrationand matrixcomposition. There is thatthe reference source method can correctfor deadtime
therefore no need for standardswith matrixcomposition and pileup losses with accuracies near O.1% over a wide

- similar to all expected unknowns. Both calibration effort count-raterange.
I and expense for standardsarcgreatly reduced.|
| THE PGR MEASUREMENT

I Because the findingof CF(RL) is essentially the same Figure 1 shows the geometry of the PGR measure-

forthePGR andXRF methods,besidesbeinggenericto ment,includingthelocationandapproximateactivitiesofmany gamma-ray-basedNDA methods,we discussits lhcvarioussourcesinvolved.As indicated,thereference
determinationnow. We usea referencesourcemethodin sourceis-3B Ci of241Am. Though241Am hasmany
whichanappropriatesourceisfasteneddirectlytotheend gamma rays,the59.5-keVoneisby farlhcmostintense
capofthedetectorsso thattheyseea constant(subject andisusedasthereferencegamma ray.The 433.6-yr
onlytodecayofthesource)fluxofgamma raysfromthe half-lifeof241Am eliminatestheneedtochangethe
source.In thismethod,we mustassumethatallfull- sourceduringthelifeofthedetector,the-60-keVgamma
energypeaksinthegamma-rayspectrumsufferthesame rayisusefulasanever-presentpeakwithwhichtostabi-
fractionoflossfromthecombinedeffectsofdeadtime lizethelow-energyendofthespectrum,andtheCompton
andpileup.Especiallyovera limitedenergyrange,this andpileupdistributionsfromitdonotinanyway inter.
assumptionisverygood,bothintheoryandpractice.The fercwiththe185.7-keVpeakuponwhichthe235Uassay
fullenergyinteractionrate(FEIR),whichistherateat isbased,ltisan idealreferencesourcefor235U mea-
whicha gamma rayundergosfull-energyactions---thosesurements---aslongastheuraniumsamplesdo nothave
whichcanfallintothefull-energypeakmisthekeyhere. anysignificantplutoniumor 241Am contamination.If
lt can easily be shown that there is such contamination, another reference source

mustbe chosen, perhaps 109Cd, which is used in the XRF
[FEIR(Ref) • 77"] mcasm_ment.CF() = , (3)

A(Ref) The high-purity, 52-mm-diam and 35-mm-long ger-

where FEIR(Ref) = FEIR of the selected reference manium detector used in the PGR measurement has an
efficiency in the usual def'mition of-18%. The reference

sourcegamma ray,
sourceisontopofathinfilterof0.020-in.copperwhose



Movable 75
• ----- Se, 2 mCi T=exp(-uZd), (5)

Transmission Source
where d is the path length of the gamma rays through the

sample. The/_l arc, of course, functions of atomic num-
_--- 5.3 cm ----- ber,energy, and density, lt is impractical to use a 235U

transmission source so that/L at 185.7 keV is measured
directly. We must therefore measure the transmissions at
one or more other energies and interpolate or exurapolate
to the transmission at 185.7 kev m compute/L at 185.7
keV. Finding a suitable source is not always easy.
Ytterbium-169 has strong gamma rays at 177.2 and 198.0

Sample keV, just above and below the 185.7-keV energy of lhc

Solution 235ugamma ray, making it easy to do an accurateinter-
polation. Unfortunately, the 32.0-day half-life of 169yb

l 241Am, makes its use difficult and/or exl:ensive, especially in3 pCi recent years when prices have increased sharply and/-- availabilityhas decreased equally sharply. For these re.a-
S cm /Reference Source sons, it was elimirmled from consideration for PGR use.

L Holmium-166m, with a half-life of 1200 years, has a weil-
. Filter placed gamma ray at 184.4 keV, but the nuclide is very

expensive, as well as having numerous high-energy
gamma rays that make proper shielding moredifficult, lt
was therefore also eliminated from consideration. We

Germanium finally settled on the useof 75Sc, which hasan acceptable
Detector half-life of ]20 days, along with reasonableprice and

Crystal availability. The two most intense gamma rays are at
136.0 and 264.7 keV, both farther removed from 185.7
keV than one would like. Various schemes were tried to

do the required interpolation. The most obvious oncs_
linear fit to log T vs log E, and linear or quadratic fits to

Fig. 1. Schematic of the PCR measurement geometry, including log (-log 7")vs log E--were not ade,quate. Finally, a varia-
important dimensions and source information, lion of the scheme sometimes used to rind the spatial den-

sity of the components of a two-component mixture by
measuring the transmissions through it at two energies

purpose is to reduce the intenstity of L x-rays and low- proved successful. Be£ause the scheme may prove gener-
energy gamma rays from the reference source. An addi- ally useful when transmission interpolation within a wide
lional 0.016 in. of cadmium is on top of the reference energy range is required, we will give the essential
source to provide additional rdtering for low-energy pho- relations.
tons from the assay sample and transmission source. The
-5-cre sample-to-end-cap distance is a reasonable com- Assume a two-component mixture and that the mass-
promise between the necessity for reasonable count rate attenuation coefficients for both components are known
and the desirability of reducing I/R2 effects caused by for the two transmission energies and for the energy for
small differences in sample positioning, which we want the interpolated transmission. Also assume

the components are uranium and matrix (everything cise
Now let us discuss the measurement of CF(AT). If the in the solutions). We can then write

linear attenuation coefficient/z / of the sample solution is
known, along with the assay geometry (dimensions of T/= exp [-(IZl,u Pu +/2Z,m pm)d] (6)
sample and position relative to detector), the CF(AT) can

be calculated. Neither determining/z / nor computing Th = ¢xp [-(Ph,u Pu + #h,mpm)d] , (7)
CF(AT) are particularly simple. Generally, values for/z /
arc found by measuring the transmission T (tlm fraction of where subscripts u and m indicate uranium and matrix,
gamma rays passing through the sample without being respectively,

scattered or absorbed), which is related to/1/by
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where subscriptsI and h indicatelow and highenergy, outsidethetwo "allowed"ranges,couldcausemodest

respectively, and error but it is regarded as highly unlikely to occur, and for
thesakeofbe_r accuracyinalltheexpectedsituations

where T = transmission, we use this method.

/z ffimass allenuation coefficients
p = spatial densities of the components, and After we have found the correct/z _'at 185.7 keV, we
d = thickness of sample, must calculate the CF(AT). In "near field" gcomewies

such as the PGR device, there are no simple analytic func-
If we take the natural logarithm of both sides of the equa- lions that are sufficiently accurate. We have adopted a rel-
lions, we get simple linear equations in two unknowns ativcly simple model consisting of a cylindrically shaped
with the solutions, sample axially centered above a disk-shaped detector of

uniform efficiency over its whole area. The integral

r( _ expressions for this model can be easily wriuen, and
1 I'l_l'm In Th - _th, m In Tl'l (8) though they cannot be integrated in terms of elementary

Pu = _th, m -_tl, m functions, they can be easily evaluated by numeric inte-
gration. The sample-W-detector dismnco--nol very well
defined, at best, because of the variable depth of interac-

and tionof thegamma raysinthedetectormisusedas an
adjustableparameterby whichcompensationismade for

(JMh'u . (9) ter,whileCF(AT) changesby a fullfactorof 2 arcob.Pm

I_tl,u12h,m-/'tl,m minedby thisscheme.To avoidlengthynumericintegra-

lionsduringPGR operations,we calculateCF(AT) fora

With Pu andPm known,theyareusedwiththeknown /z setoftransmissionscoveringtheexpectedrangeand fit

valuestocompute lhctransmissionat185.7keV. The thevaluestoa foarth-orderpolynomialinlogE. The

questionimmediatelyarisesaboutpossibleerrorarising coefficientsofthepolynomialarcstoredandallowquick

from usingincorrect/zvalues,particularlyforthematrix, andaccuratecomputationofCF(AT)f_)rallu'ansmissions.

thecompositionofwhichwe do notknow indetail,ltcan InthePGR systemascurrentlyconstitated,1.2< CF(AT)

easilybc shown thatiftheattenuationcoefficientsofthe < 2.4foruraniumconcenn'ationsrangingfrom0 to400 g
elementsinthematrixdifferfromone anotheratallener- U/l.The transmissionincreasesfromabout0.15to0.70

giesbyonlyconstantmultiplicativefactors,no errorinthe asthetotaluraniumconcentrationdecreasesfrom400 to

interpolatedT willoccur.An examinationof tablesor 0.0g U/l.
plotsof mass-attenuationcoefficientsshow thatthisis

essentiallyu'uefor136 keV < E < 265 keV forallelc- InlhcPGR measurement,allthe,requiredspectral

mentsup toaboutZ = 15,inparticular,includingH,C,N, peaksarccleanand wellresolved.We thereforeusesim-
O, and F,whicharethemostcommon matrixelementsin pleregion-of-interest(ROD methodstoobtainallthenet

solutions.The same considerationsapplytothehigh-Z full-energypeak areasand estimatesof the standard

component,where intherequiredenergyrangeallthe deviationsthereof.The backgroundcontinuumsubtrac-

elementsfromatleastZ = 80 upwardshaveattenuation tionisusuallyby a simplesmoothed stepalgorithm.

coefficientsdifferingby nearlyequalmultiplicadvcfac- Propagationof erro1_throughalltheanalysisisstraight-
mrs.ltthereforedoesnotmatterwhetherwe use the/z forwardandresultsinaccurateestimatesofthestatisical

valuesforone high-Zelementoranotherinthepermitted precisionofthecalculated235U conce,_trations,asshown

range,nor which low-Z elementor low-Z compound in by comparingthepropagatedestimateswiththesample

thepermittedrange.To preserveanappearanceofreality, standarddeviationfromreplicateassays.Our conventions
we usetheattenuationcoefficientsforuraniumandwater, and expressionsforobtainingnetareasandestimatesof

One couldextendtheexpressionstothreetransmissions standarddeviationsthereofby ROI me_ih,.xlsarcgivenin
and threecomponentsusing,forexample,the136.0-, detailinChap.5 ofRef.2.

264.7-,and 400.6-keVgamma raysof75Sewithwater,

iron,and uraniumas low-Z,mid-Z,and high-Zcompo- Let usnow discussPGR measurementperformance.

ncnts.However,trialsshow thatthereisnotenoughdif- Figure2 presentsTCR/(g U/t) fora setof standards

ferenccinthe/zvalues,norhighenoughprecisioninthe made from~97%-cm'icheduranium.The horizontalaxis

datatogiveanydistinctadvantageinlhccurrentapplica- islogrithmicmerelytospreadoutthelow concenu'ation

tion.Significantquantitiesof middle-Zelements,those pointsforconvenientviewing.Ifeverythinghasbe,cn
done correctly,alltheTCP,J(gU/l)valueswillbe equal



1.02 ....... j ........ ! ......................... TCR is clearly a function of how the measurement time is
PGR [--235U Concentr_ DtionAs_;ay divided between the transmission and sample-only spec-

.-. tta. It is easy to measure the precision per unit time for

1.01 ......... any sample or standard and with that information we can
compute the optimum division of time for best precision.

>

,, ,[ Indeed we may then estimate the precisionfor any divi-1.00 ..... L a - - sion of count time. Figure 3 shows the precision with
• optimal time division for several total times as a function

of total uranium concentration for the 97%-enriched stan-

m 0.99 dards. The curves turn up slightly at concentrations
greater that 100 g U/t because of the poorer statistical
precision of the low fractional transmissions and the

0.98 ..................................... decreasing fraction of escape of 185.7-kev gamma rays
0.01 0.1 1 10 100 1000 from the sample.Figure 4 shows the precision for a total

Uranium Concentration (gU/liter) of 2000 live-time secondsas a function of the u'ansmis-
sion time fraction for standards with concentrationsdown

Fig. 2. For the PGR system, fractional deviations of TCRI(g to O.1 g U/t. As expected, the curves are broad and shal-
23JUll) values from average for the set of 97%-enriched low over a significant range of transmission fraction. For
solution standards, the 97%-enriched standards, it appears that a transmission

fraction between 0.2 to 0.3 would suffice for the whole

range of concenu'ations with little loss of precision. For
save for their statistical variation. With the exceptionof samples of lower enrichment, the minimum points will
the -30 g U/t standard, ali the values are within -0.1% of shift even further toward small transmission fractions and

an average value. We believe the reported value of that one might reduce the wansmissionfraction to 0.1 for low-
standard to be in error. This errant point emphasizes an enriched samples. However, if one wants a single choice
important property of this type of NDA instrument: that for ali concentrations and enrichments, it appears that 0.2

such instruments arc good at detecting inconsistencies is as good as any.
within a set of standards. Another important point is that

such instruments require self-consistent, accurate sets of THE XRF MEASUREMENT

standards to be calibrated to give accurate results. In Figure 5 shows the geometry of the PGR measure-
principle, one could use measured detector efficiencies, ment, including important dimensions and the location
calculated solid angles, and tabulated values of half-life and approximate activities of ali the sources used. As
and emission probabilities to make assays without the use
of uranium-bearing standards. However, the result of
using several parameters, which are only known to a few 10
percent, might well result in a device accurate to only a I I PGR- Precisionfor Indicated

few percent, while with appropriate standardsfor calibra- a0os , countTimeatOptimumso0, _ ",,.. Count Time Division
__. 1000 s ttion, accuracies within a few tenths of a percent are pos- _ aooo, _"_x"..,."_l

sible, as indicated in Fig. 1. Reference 4 explains the cn asoos ._,._--x.._.__n- 1 .........

advantages we see in presenting calibration data in this _ __ . , .way. _ .

In the PGR system we could, for higher concenu'a- '_ 0.1 - -- --_ :------ --:
tions,measure the trm_smissionpeaks and the 235U peak
simultaneously. However, at low concentrations the a.
Compton continuum from the higherenergy 75Se gamma

rays may bias the measured area of the 185.7-keV gamma 0.01 ......................................
ray and will surely degrade to some extent the precision of 0.01 0.1 1 10 100 1000

the area. Because of this, we chose to make the PGR a U Concentration - gU (97.18 % 23Su) per liter
two-measurement instrument. After the transmissionsare
measured, the 75Se transmission source is "turned off" Fig. 3. PGR measurement precision (%RSD)for the set of 97%

with a tungsten shutter and the uranium spectrum is enriched solution standards as a function of concentration for
obtained with minimum interference and maximum sensi- several total count times. The total count time is optimally

divided between the tr_ion and passive spectra.
tivity. For a given total count time, the precision of the
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r,,.,,.,,oR,,,,a,,,,,,.,,, So,",',,,,,oS"%- 'o' / '-l\enrichedsolutionstandardsasafunctiono/thetimefractionof 200 pCi , tl I Filter

thetransmissionspectrum.Total timewas2000live-timesec- Reference Germanium I
ondsin ali cases. Source Detector Crystal

indicated, the reference source is -200 gtCi of 109Cd, Fig. 5. Schematicof the XRFmeasurementgeometry,including
which has a half-life of 452 days. The single major important dimensions andsource information.
gamma ray of 88.0 keV is used as reference. Both price
and availability are reasonable. Cadmium-109 is used

instead of 241'Am because two americium gamma rays, area of the detector, and because the maximum energy of
though weak, interfere direcdy with other gamma rays concern is 136 keV, we do not need a large detector and
and x-rays required in the analysis, and because tungsten indeed benefit from the better resolution of a smaller size.
has an x-ray at 59.5 keV_sure to be excited if we use

tungsten collimater_which interferes with the 59.5-keV The analysis for total uranium concentration is based
241Am gamma ray. on the 98.44-keV uranium Ktzl x-ray. Because of lesser

intensities and poorer placement relative to the Compton-
The 122.1 and 136.5-keV gamma rays of 57Co (half- scattered continuum, it is not worth attempting to use the

life of 272 days) are almost ideal to fluoresce the K x-rays Ka'2or any of the K3 x-rays.
of uranium whose K-absorption edge is at 115.6 keV. The

XRF system uses a single 57Co source in a 0.31-in.-diam, Finding CF(AT) is much more difficult in the XRF

0.20-in.-long, stainless steel capsule. When fresh, the system than in the PGR s_stem because we must correct
source is 25 to 30 mCi and can be used for about a year for the attenuation of the 57Co fluorescing gamma rays as
before replacemenL well as the attenuation of the fluoresced x-rays. The/_ at

98.44, 122.1, and 136.5-keV are therefore required along
The detector is a high-purity planar germanium unit with the dimensions of the assay geometry. To find the

having a front circular area of 5 cm2 and thickness of required/z z, we must obtain the transmissions at the ener-
1.3 eta. Because the collimator constrains the effective gies specified. To do this, we use a combined source of



153Gd (242-days half-life) and 57Co (272-days half-life), little 56Co and 58Co). It is this essentially irreducible
Gadolinium-153 with gamma lays at 97.4 and 103.2 keV continuum that imposes a practical lower concentration

(emission probabilities of 56% and 42%, respectively) is limit of about 0.1 g UI! for the XRF measurement. Great
ideal for interpolating to the required 98.44 keV, although_ care must be exercised in subtracting this continuum from
procurement is sometimes difficult. Ruhter and Camp, _ beneath the x-ray peak, especially at lower concentrations,
who developed a somewhat similar XRF system for anal- to avoid measurement biases. At higher concentrations,
ysis of uranium and plutonium solutions, first suggested we use an exponential background, and for concentrations
the use of 153Gd. We use a linear fit to log (- log T) vs below .-3 g U/t., we use a quadratic fit to 20 channels of
log E for the interpolation. This seemingly curious choice the continuum on each side of the K x-ray peak.
assumes that/z*' is a power law function of energy, which
is nearly true for higher uranium concentrations where As in the PGR system, a transmission spectrum is
highest accuracy is required. The 57Co part of the trans- required (the fluorescing source being shut off). The sec-
mission source, of course, gives transmissions at exactly ond required spectrum is the fluoresced spectrum (the

the energies required, transmission source being shut off). And part of the time,
a passive spectrum is required with both fluorescing and

Again, CF(AT) is found by numeric integration based transmission sources shut off. This requirement arises
on the known values, a simple model of the assay geome- because at higher concentrations and enrichments, the
try and some simplified physics. Simplifications include uranium solutions fluoresce themselves sufficiently to
assuming a point detector, "perfect" collimators, and require correction for the effect.
ignoring fluorescence by scattered photons. In this case,
the intensity of the 136.5-keV gamma ray relative to the Let us now discuss the XRF measurement perfor-
122.1-keV gamma ray provides the adjustable parameter mance. Figure 6 presents TCR/(g U/O for the set of 97%-
by which we compensate for imperfections in the approx- enriched standards just as was done in Fig. 2 for the PGR
imate model. Because of the essentially squared correc- system. Again, if everything has been done correctly, ali
tion, the CF(AT) for the XRF measurement are much the TCR/(g U/t) values will be equal save for their statis-

greater than for the PGR system for the same uranium tical variation. They do fall within +1%, which cleanly
concentration. For meets the customers' specifications, though it appears that

there is a "bowing" of the curve that might well be

0.1 g U/t < Pu < 400 g U/t., reduced by improving the CF(AT) calculation. We note
that as in Fig. 2, the 30 g UIt point lies beneath the appar-

the corresponding correction factor range is -1.4 < ent curve defined by the other points, strengthening the
CF(AT) < -5.4. Experience indicates that the computed suspicion that its reported value is somewhat in error.
CF(AT) is good to within 0.5% or better over the range
required.

1.06 ....
In the XRF measurement spectra,several overlapping XRF ' U Concentratioll Assay

doublet and triplet peaks occur involving both gamma _. 1.04 " - .......... _-.... i[-__--__-oy.x-oy.,wo°ot ,O,.o ii
=,..w= '--I--used with the PGR measurement. Instead, a response

function method is used in which the peak centroids, peak __. 1.00 _ ....

half-widths, and low-energy tail parameters are specified _ iand the peak amplitudes are computed by a least-squares -q 0.98m

routine. The necessary centroid and peak shape informa- t=,)
tion is extracted from the measurement spectra. An addi- _ 0.96 .....
tional complication is that the x-ray peaks have an intrin-
sic Lorentzian shape that must be convoluted with the 0.94 .....................
Gaussian instrumental broadening. The required convolu- 0.01 0.1 1 10 100 1000
tion is accomplished by numeric methods during each Uranium Concentration (gU/liter)
analysis. A t'mal difficulty in obtaining the area of the Kal
x-ray peak is that at lower concentrations the peak tides Fig. 6. For the XRF system, TCR/(g U/l) values for the set of
on a large concave background continuum arising mostly 97%-enriched solution standards.
from doubly scattered photons and Compton interactions

of higher energy gamma rays (the 57Co always contains a



Figure 7 gives the precision for concentration mea- REFERENCES
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