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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-1), and Thomas E. Sampson (N-1)
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

ABSTRACT

For the 1992 INNM meeting, we reported on the gen-
eral characteristics of an automated system—then under
development—for measuring both the concentration and
enrichment of uranium in solutions.! That paper empha-
sized the automated control capability, the measurement
sequences, and safety features of the system. In this paper,
we report in detail on the measurement methods, the anal-
ysis algorithms, and the performance of the delivered sys-
tem. The uranium concentration is measured by a trans-
mission-corrected x-ray fluorescence method. Cobalt-57 is
the fluorescing source and a combined 153Gd and 37Co
source is used for the transmission measurements.
Corrections are made for both the absorption of the excit-
in% 57Co gamma rays and the excited uranium x-rays. The
235U concentration is measured by a transmission-cor-
rected method, which employs the 185.7-keV gamma ray
of 235U and a transmission source of 7Se to make correc-
tions for the self-absorption of the 235U gamma rays in
the solution samples. Both measurements employ high-
resolution gamma-ray spectrometry and use the same 50-
m¢ sample contained in a custom-molded, flat-bottomed,
polypropylene bottle. Both measurements are intended for
uranium solutions with concentrations 20.1 g U/¢, al-
though at higher enrichments the passive measurement
will be even more sensitive.

INTRODUCTION

The customer for whom this solution enrichment sys-
tem (SES) was developed desired to mezasure both total
uranium concentration and the enrichment [defined here
as (concentration 235U/concentration U) « 100] over a
wide range in both quantitics. Measurement capability
was required for concentrations 20.1 g U/£ and for
enrichments >0.3%. We note that 400 g U// is about the
maximum concentration at which uranium can be kept in
solution and that solutions with uranium enrichment up to
~97% are expected. For optimum accurag it appeared
that the best procedure was to measure the 235U and total
uranium concentrations separately and compute their ratio
to get the enrichment. We had previously developed
methods for 233U concentration measurements,~ @ which
could be adapted to the the present system with little

*This work is supported by the US Department of Energy,
Office of Safeguards and Security.

change. Because of the necessity of measuring total con-
centration down to 0.1 g U/Z, x-ray fluorescence became
the choice of necessity for that measurement. K-edge den-
sitometry can make excellent total element concentration
measurements at high concentrations but cannot reach 0.1
g U/L.

The problems that cause error in chemical procedures
for measuring concentration are generally different from
those that cause error in nondestructive assay (NDA) pro-
cedures such as those reported herein. In most gamma-ray
NDA procedures, the size, shape, and location of the
sample relative to the germanium gamma-ray detector are
crucial. They must be constant and reproducible. These
requirements dictated the use of a custom-molded bottle
of fairly stiff plastic to achieve the necessary tolerances in
shape and position.

The 235U concentration is found by a passive
gamma-ray method, which will be referred to herein as
the PGR method or the PGR measurement. The total ura-
nium concentration is found by an x-ray fluorescence
method and will similarly be identified by the acronymn
XRF. It will be useful to briefly review the general mea-
surement philosophy used, which is the same for both the
PGR and XRF measurements.

In both PGR and XRF measurements, a sample large
enough to provide adequate signal at the lower concentra-
tions and enrichments will suffer significant data loss
from self-attenuation at higher concentrations.
Furthermore, the higher count rates generated at higher
concentrations will also cause significant data losses from
the combined effects of the rate-related processes of pulse
pileup and deadtime. We, therefore, compute a total cor-
rected count rate for the appropriate full-energy peak (be
it from a gamma ray or x-ray):

TCR =RR * CF(RL) * CF(AT)

or

CR = FEIR « CF(AT) , )]
where TCR = total correcied rate,
RR = raw rate of data acquisition,
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CF(RL)

correction factor for rate-related
electronic losses,

CF(AT) = correction factor for self-attenuation
in sample, and
FEIR = full-energy interaction rate =

RR « CF(RL).

If the correction factors are properly defined and com-
puted, TCR is the data-acquisition rate that would have
been observed if there were no electronic losses and if
there were no self-attenuation of gamma rays or x-rays in
the sample. Thus computed, TCR is proportional to the
concentration of 235U in the PGR measurement and to the
total uranium concentration in the XRF measurement. We
can thus write

TCR=K-C , @

where C is the concentration of the quantity being mea-
sured and K is a calibration constant. The calibration con-
stant K is found by using appropriate standard samples
and includes the effects of detector efficiency, gamma ray
emission rates (in PGR), cross sections for x-ray fluores-
cence (in XRF), and geometrical effects. It should be
emphasized that CF(AT) fully accounts for variations in
uranium concentration and matrix composition. There is
therefore no need for standards with matrix composition
similar to all expected unknowns. Both calibration effort
and expense for standards are greatly reduced.

Because the finding of CF(RL) is essentially the same
for the PGR and XRF methods, besides being generic to
many gamma-ray-based NDA methods, we discuss its
determination now. We use a reference source method in
which an appropriate source is fastened directly to the end
cap of the detectors so that they see a constant (subject
only to decay of the source) flux of gamma rays from the
source. In this method, we must assume that all full-
energy peaks in the gamma-ray spectrum suffer the same
fraction of loss from the combined effects of deadtime
and pileup. Especially over a limited energy range, this
assumption is very good, both in theory and practice. The
full energy interaction rate (FEIR), which is the rate at
which a gamma ray undergos full-energy actions—those
which can fall into the full-energy peak—is the key here.
It can easily be shown that

CF(RL) = [FEIR(Ref ) TT] ' 3

A(Ref)

where FEIR(Ref) = FEIR of the selected reference
source gamma ray,

IT = true time of spectral acquisition,
and
A(Ref) = full-energy peak area of the
selected reference source gamma
ray.

We do not need to calculate the CF(RL) explicitly; how-
ever, the FEIR of the selected gamma ray or x-ray is what
we really want [see Eq. (1)] and it is given by

FEIR(Y) = [ﬁ%]- FEIR(Ref) , @

where A(y) and FEIR( ) are the peak area and FEIR of
any selected gamma ray or x-ray from the assay sample. It
is usually possible 10 obtain quite accurate values for
FEIR(Ref), but it is, in fact, not necessary. In systems
calibrated with the help of standards, it does not matter if
the assumed value of FEIR(Ref) is wrong because it can-
cels from the calibration equations. Only if we want to
accurately know the magnitude of CF(RL) is the value of
FEIR(Ref) important. This matter and details of the
method are discussed in Chap. 5 of Ref 2. We close this
discussion of CF(RL) by observing that experiments show
that the reference source method can correct for deadtime
and pileup losses with accuracies near 0.1% over a wide
count-rate range.

THE PGR MEASUREMENT

Figure 1 shows the geometry of the PGR measure-
ment, including the location and approximate activities of
the various sources involved. As indicated, the reference
source is ~3pt Ci of 241Am. Though ! Am has many
gamma rays, the 59.5-keV one is by far the most intense
and is used as the reference gamma ray. The 433.6-yr
half-life of Z#1Am eliminates the need to change the
source during the life of the detector, the ~60-keV gamma
ray is useful as an ever-present peak with which to stabi-
lize the low-energy end of the spectrum, and the Compton
and pileup distributions from it do not in any way inter-
fere with the 185.7-keV peak upon which the 235U assay
is based. It is an ideal reference source for 235U mea-
surements—as long as the uranium samples do not have
any significant plutonium or 241 Am contamination. If
there is such contamination, another reference source
must be chosen, perhaps 199Cd, which is used in the XRF
measurement.

The high-purity, 52-mm-diam and 35-mm-long ger-
manium detector used in the PGR measurement has an
efficiency in the usual definition of ~18%. The reference
source is on top of a thin filter of 0.020-in. copper whose
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Fig. 1. Schematic of the PGR measurement geometry, including
important dimensions and source information.

purpose is to reduce the intenstity of L x-rays and low-
energy gamma rays from the reference source. An addi-
tional 0.016 in. of cadmium is on top of the reference
source to provide additional filtering for low-energy pho-
tons from the assay sample and transmission source. The
~5-cm sample-to-end-cap distance is a reasonable com-
promise between the necessity for reasonable count rate
and the desirability of reducing 1/R? effects caused by
small differences in sample positioning.

Now let us discuss the measurement of CF(AT). If the
linear attenuation coefficient u¢ of the sample solution is
known, along with the assay geometry (dimensions of
sample and position relative to detector), the CF(AT) can
be calculated. Neither determining y¢ nor computing
CF(AT) are particularly simple. Generally, values for y[
are found by measuring the transmission T (the fraction of
gamma rays passing through the sample without being
scattered or absorbed), which is related to ;K by

T=exp (- fd) , )

where d is the path length of the gamma rays through the
sample. The y? are, of course, functions of atomic num-
ber, energy, and density. It is impractical to use a BSy
transmission source so that ;./ at 185.7 keV is measured
directly. We must therefore measure the transmissions at
one or more other energies and interpolate or extrapolate
to the transmission at 185.7 keV to compute u¢ a1 185.7
keV. Finding a suitable source is not always easy.
Ytterbium-169 has strong gamma rays at 177.2 and 198.0
keV, just above and below the 185.7-keV energy of the
235y gamma ray, making it easy to do an accurate inter-
polation. Unfortunately, the 32.0-day half-life of 169Yb
makes its use difficult and/or expensive, especially in
recent years when prices have increased sharply and
availability has decreased equally sharply. For these rea-
sons, it was eliminated from consideration for PGR use.
Holmium-166m, with a half-life of 1200 years, has a well-
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 more difficult. It
was therefore also eliminated from consideration. We
finally settled on the use of 73Se, which has an acceptable
half-life of 120 days, along with reasonable price and
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 ones—
linear fit to log T vs log E, and linear or quadratic fits to
log (-log T) vs log E—were not adequate. Finally, a varia-
tion of the scheme sometimes used to find the spatial den-
sity of the components of a two-component mixture by
measuring the transmissions through it at two energies
proved successful. Because the scheme may prove gener-
ally useful when transmission interpolation within a wide
energy range is required, we will give the essential
relations.

Assume a two-component mixture and that the mass-
attenuation coefficients for both components are known
for the two transmission energies and for the energy for
which we want the interpolated transmission. Also assume
the components are uranium and matrix (everything else
in the solutions). We can then write

Te=exp [-(Weu pu+ Hem Pm)d] 6)

Th = exp [-Wh,u Pu + Hnm Prdd} )

where subscripts 4 and m indicate uranium and matrix,
respectively,



where subscripts ¢ and h indicate low and high energy,
respectively, and

where T = transmission,
4 = mass attenuation coefficients
p = spatial densities of the components, and
d = thickness of sample.

If we take the natural logarithm of both sides of the equa-
tions, we get simple linear equations in two unknowns
with the solutions.

1| (Hem In Ty = tpm In Ty)
== ®

d (I-ll,u Him — Hem l‘h,m)

o = _l_ (I‘lh.u InT,—py,ln Tl) ) )
" od (ﬂt,u Hpm = Hem #h.m)

With p, and p,; known, they are used with the known u
values to compute the transmission at 185.7 keV. The
question immediately arises about possible error arising
from using incorrect u values, particularly for the matrix,
the composition of which we do not know in detail. It can
easily be shown that if the attenuation coefficients of the
elements in the matrix differ from one another at all ener-
gies by only constant multiplicative factors, no error in the
interpolated T will occur. An examination of tables or
plots of mass-attenuation coefficients show that this is
essentially true for 136 keV < E < 265 keV for all ele-
ments up to about Z = 15, in particular, including H, C, N,
O, and F, which are the most common matrix elements in
solutions. The same considerations apply to the high-Z
component, where in the required energy range all the
elements from at least Z = 80 upwards have attenuation
coefficients differing by nearly equal multiplicative fac-
tors. It therefore does not matter whether we use the u
values for one high-Z element or another in the permitted
range, nor which low-Z element or low-Z compound in
the permitted range. To preserve an appearance of reality,
we use the attenuation coefficients for uranium and water.
One could extend the expressions to three transmissions
and three components using, for example, the 136.0-,
264.7-, and 400.6-keV gamma rays of 7Se with water,
iron, and uranium as low-Z, mid-Z, and high-Z compo-
nents. However, trials show that there is not enough dif-
ference in the u values, nor high enough precision in the
data to give any distinct advantage in the current applica-
tion. Significant quantities of middle-Z elements, those

outside the two “allowed” ranges, could cause modest
error but it is regarded as highly unlikely to occur, and for
the sake of better accuracy in all the expected situations
we use this method.

After we have found the correct ¢ at 185.7 keV, we
must calculate the CF(AT). In *“near field” geometries
such as the PGR device, there are no simple analytic func-
tions that are sufficiently accurate. We have adopted a rel-
atively simple model consisting of a cylindrically shaped
sample axially centered above a disk-shaped detector of
uniform efficiency over its whole area. The integral
expressions for this model can be easily written, and
though they cannot be integrated in terms of elementary
functions, they can be easily evaluated by numeric inte-
gration. The sample-to-detector distance—not very well
defined, at best, because of the variable depth of interac-
tion of the gamma rays in the detector—is used as an
adjustable parameter by which compensation is made for
imperfections in the model. Values good to 0.1%, or bet-
ter, while CF(AT) changes by a full factor of 2 are ob-
tained by this scheme. To avoid lengthy numeric integra-
tions during PGR operations, we calculate CF(AT) for a
set of transmissions covering the expected range and fit
the values to a fourth-order polynomial in log E. The
coefficients of the polynomial are stored and allow quick
and accurate computation of CF(AT) for all transmissions.
In the PGR system as currently constituted, 1.2 < CF(AT)
< 2.4 for uranium concenirations ranging from 0 to 400 g
U/¢t. The transmission increases from about 0.15 to 0.70
as the total uranium concentration decreases from 400 to
0.0g U/t

In the PGR measurement, all the required spectral
peaks are clean and well resolved. We therefore use sim-
ple region-of-interest (ROI) methods to obtain all the net
full-energy peak areas and estimates of the standard
deviations thereof. The background continuum subtrac-
tion is usually by a simple smoothed step algorithm.
Propagation of errors through all the analysis is straight-
forward and results in accurate estimates of the statisical
precision of the calculated 225U concentrations, as shown
by comparing the propagated estimates with the sample
standard deviation from replicate assays. Our conventions
and expressions for obtaining net areas and estimates of
standard deviations thereof by ROI methods are given in
detail in Chap. 5 of Ref. 2.

Let us now discuss PGR measurement performance.
Figure 2 presents TCR/(g U/¢) for a set of standards
made from ~97%-enriched uranium. The horizontal axis
is logrithmic merely to spread out the low concentration
points for convenient viewing. If everything has been
done correctly, all the TCR/(g U/¢) values will be equal
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Fig. 2. For the PGR system, fractional deviations of TCRI(g
235U1¢) values from average for the set of 97%-enriched
solution standards.

save for their statistical variation. With the exception of
the ~30 g U/¢ standard, all the values are within ~0.1 % of
an average value. We believe the reported value of that
standard to be in error. This errant point emphasizes an
important property of this type of NDA instrument: that
such instruments are good at detecting inconsistencies
within a set of standards. Another important point is that
such instruments require self-consistent, accurate sets of
standards to be calibrated to give accurate results. In
principle, one could use measured detector efficiencies,
calculated solid angles, and tabulated values of half-life
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
percent, might well result in a device accurate to only a
few percent, while with appropriate standards for calibra-
tion, accuracies within a few tenths of a percent are pos-
sible, as indicated in Fig. 1. Reference 4 explains the
advantages we see in presenting calibration data in this
way.

In the PGR system we could, for higher concentra-
tions, measure the traiismission peaks and the 235U peak
simultaneously. However, at low concentrations the
Compton continuum from the higher energy 75Se gamma
rays may bias the measured area of the 185.7-keV gamma
ray and will surely degrade to some extent the precision of
the area. Because of this, we chose to make the PGR a
two-measurement instrument. After the transmissions are
measured, the 73Se transmission source is “turned off”
with a tungsten shutter and the uranium spectrum is
obtained with minimum interference and maximum sensi-
tivity. For a given total count time, the precision of the

TCR is clearly a function of how the measurement time is
divided between the transmission and sample-only spec-
tra. It is easy to measure the precision per unit time for
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 precision for any divi-
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-
dards. The curves turn up slightly at concentrations
greater that 100 g U/¢ because of the poorer siatistical
precision of the low fractional transmissions and the
decreasing fraction of escape of 185.7-keV gamma rays
from the sample. Figure 4 shows the precision for a total
of 2000 live-time seconds as a function of the transmis-
sion time fraction for standards with concentrations down
t0 0.1 g U/¢. As expected, the curves are broad and shal-
low over a significant range of transmission fraction. For
the 97%-enriched standards, it appears that a transmission
fraction between 0.2 10 0.3 would suffice for the whole
range of concentrations with little loss of precision. For
samples of lower enrichment, the minimum points will
shift even further toward small transmission fractions and
one might reduce the transmission fraction to 0.1 for low-
enriched samples. However, if one wants a single choice
for all concentrations and enrichments, it appears that 0.2
is as good as any.

THE XRF MEASUREMENT

Figure 5 shows the geometry of the PGR measure-
ment, including important dimensions and the location
and approximate activities of all the sources used. As
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indicated, the reference source is ~200 pCi of 109Cd,
which has a half-life of 452 days. The single major
gamma ray of 88.0 keV is used as reference. Both price
and availability are reasonable. Cadmium-109 is used
instead of 24TAm because two americium gamma rays,
though weak, interfere directly with other gamma rays
and x-rays required in the analysis, and because tungsten
has an x-ray at 59.5 keV—sure to be excited if we use
tungsten collimater—which interferes with the 59.5-keV
241 Am gamma ray.

The 122.1 and 136.5-keV gamma rays of 5/Co (half-
life of 272 days) are almost ideal to fluoresce the K 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,
0.20-in.-long, stainless steel capsule. When fresh, the
source is 25 to 30 mCi and can be used for about a year
before replacement.

The detector is a high-purity planar germanium unit
having a front circular area of 5 cm? and thickness of
1.3 cm. Because the collimator constrains the effective
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Fig. 5. Schematic of the XRF measurement geometry, including
imporiant dimensions and source information.

area of the detector, and because the maximum energy of
concem is 136 keV, we do not need a large detector and
indeed benefit from the better resolution of a smaller size.

The analysis for total uranium concentration is based
on the 98.44-keV uranium K o1 x-ray. Because of lesser
intensities and poorer placement relative to the Compton-
scattered continuum, it is not worth attempting to use the
K 2 or any of the K g x-rays.

Finding CF(AT) is much more difficult in the XRF
system than in the PGR system because we must correct
for the attenuation of the 27Co fluorescing gamma rays as
well as the attenuation of the fluoresced x-rays. The ufat
98.44, 122.1, and 136.5-keV are therefore required along
with the dimensions of the assay geometry. To find the
required ¢, we must obtain the transmissions at the ener-
gies specified. To do this, we use a combined source of



153G (242-days half-life) and 57Co (272-days half-life).
Gadolinium-153 with gamma 1ays at 97.4 and 103.2 keV
(emission probabilities of 56% and 42%, respectively) is
ideal for interpolating to the required 98.44 keV, although
procurement is sometimes difficult. Ruhter and Camp,5
who developed a somewhat similar XRF system for anal-
ysis of uranium and plutonium solutions, first suggested
the use of 133Gd. We use a linear fit to log (- log T) vs
log E for the interpolation. This seemingly curious choice
assumes that u? is a power law function of energy, which
is nearly true for higher uranium concentrations where
highest accuracy is required. The 57Co part of the trans-
mission source, of course, gives transmissions at exactly
the energies required.

Again, CF(AT) is found by numeric integration based
on the known values, a simple model of the assay geome-
try and some simplified physics. Simplifications include
assuming a point detector, “perfect” collimators, and
ignoring fluorescence by scattered photons. In this case,
the intensity of the 136.5-keV gamma ray relative to the
122.1-keV gamma ray provides the adjustable parameter
by which we compensate for imperfections in the approx-
imate model. Because of the essentially squared correc-
tion, the CF(AT) for the XRF measurement are much
greater than for the PGR system for the same uranium
concentration. For

0.1gU/ <p,<400gU/e,

the corresponding correction factor range is ~1.4 <
CF(AT) < ~5.4. Experience indicates that the computed
CF(AT) is good to within 0.5% or better over the range
required.

In the XRF measurement spectra, several overlapping
doublet and triplet peaks occur involving both gamma
rays and x-rays. As a result, we cannot use the simple ROI
methods for extracting the required peak areas that were
used with the PGR measurement. Instead, a response
function method is used in which the peak centroids, peak
half-widths, and low-energy tail parameters are specified
and the peak amplitudes are computed by a least-squares
routine. The necessary centroid and peak shape informa-
tion is extracted from the measurement spectra. An addi-
tional complication is that the x-ray peaks have an intrin-
sic Lorentzian shape that must be convoluted with the
Gaussian instrumental broadening, The required convolu-
tion is accomplished by numeric methods during each
analysis. A final difficulty in obtaining the area of the K4}
x-ray peak is that at lower concentrations the peak rides
on a large concave background continuum arising mostly
from doubly scattered photons and Compton interactions
of higher energy gamma rays (the 57Co always contains a

little 56Co and 38Co). It is this essentially irreducible
continuum that imposes a practical lower concentration
limit of about 0.1 g U/ for the XRF measurement. Great
care must be exercised in subtracting this continuum from
beneath the x-ray peak, especially at lower concentrations,
to avoid measurement biases. At higher concentrations,
we use an exponential background, and for concentrations
below ~3 g U/¢, we use a quadratic fit to 20 channels of
the continuum on each side of the K x-ray peak.

As in the PGR system, a transmission spectrum is
required (the fluorescing source being shut off). The sec-
ond required spectrum is the fluoresced spectrum (the
transmission source being shut off). And part of the time,
a passive spectrum is required with both fluorescing and
transmission sources shut off. This requirement arises
because at higher concentrations and enrichments, the
uranium solutions fluoresce themselves sufficiently to
require correction for the effect.

Let us now discuss the XRF measurement perfor-
mance. Figure 6 presents TCR/(g U/¢) for the set of 97%-
enriched standards just as was done in Fig. 2 for the PGR
system. Again, if everything has been done correctly, all
the TCR/(g U/¢) values will be equal save for their statis-
tical variation. They do fall within £1%, which cleanly
meets the customers’ specifications, though it appears that
there is a “bowing” of the curve that might well be
reduced by improving the CF(AT) calculation. We note
that as in Fig. 2, the 30 g U/¢ point lies beneath the appar-
ent curve defined by the other points, strengthening the
suspicion that its reported value is somewhat in ervor.
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Fig. 6. For the XRF system, TCR/(g Ui{) values for the set of
97%-enriched solution standards.




Figure 7 gives the precision for concentration mea-
surements of 2000-s live time, optimally divided. We
have ignored the influence of the passive spectrum, if
required, which is small. The passive spectrum time is in
addition to the basic 2000 s of live time, which is divided
between the transmission and fluorescence spectra.
Estimating the precision is harder for the XRF measure-
ment than for the PGR measurement. The scatter of points
in Fig. 7 is mainly caused by using sarnple standard deva-
tions from sets of only ~15 replicate assays.
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Fig . 7. XRF measurement precision (oRSD) for the set of 97%-
enriched solution standards as a function of concentration for
2000 live-time seconds, optimally divided between the transmis-
sion and fluorescence spectra. The passive count, when required,
influences the precision but little if it is for a time comparable to
the fluorescence count.
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