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PREFACE

This report presents results of research and development (R&D) funded by the Department of Energy
(DOE; and administered by the Savannah River Laboratory (SRL}. The DOE-sporscred program dealt, in general,
with the Altemative Fuel Cycle Technology Program. Lawrence Livermore Laboratory’s role was 1o assess the
adaptability of selected x- and gamma-ray techniques. The instruments and techniques considered were applicable to
the nondestruetive analysis of the output products from reprocessed light water reactor fuel. The R&D program,
begun in Fiscal 1978, was to have continucd for at least three years; however, a sudden redirection of the DOE pro-
gram announced during the last two days of FY 78, terminated the work. Therefore, the results prescated in this re-
port are only partial and the discussion must be understood in the context of an unfinished R&D program.
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NONDESTRUCTIVE, ENERGY-DISPERSIVE
X-RAY FLUORESCENCE ANALYSIS OF
PRODUCT-STREAM CONCENTRATIONS FROM
REPROCESSED LWR FUELS

ABSTRACT

Energy-dispersive x-ray fluorescence analysis can be used for quantitative on-line
monitoring of the product concentrations in single- or dual-element process streams in a reproces-
sing plant. The 122-keV gamma ray from *Co is used to excite the K x-rays of uranium and/or
plutonium in nitric acid solution streams. A collimated HPGe detector is used to measure the ex-
cited x-ray intensities. Net solution radioactivity may be measured by eclipsing the exciting radi-
ation, or by measuring it simultaneously with a second detector. The technique is nondestructive
and noninvasive, and is easily adapted directly to pipes containing the solution of interest.

The dynamic range of the technique extends from below 1 to 500 g/l. Measurement times
depend on concentration, but better than 1% counting statistics can be obtained in 100 s for 400
¢/l concentrations, and in 1000 s for as little as 10 g/l. Calibration accuracies of 0.3% or better
over the entire dynamic range can be achieved casily using carefully prepared standards. Compu-
ter-based analysis equipment allows concentration changes in flowing streams to be dynamically
monitored. Changes in acid normality of the stream will affect the concentration determined,
hence it must also be determined by measuring the intensity of a transmitted *’Co beam. The
computer/disk-based puise-height analysis system allows al' necessary calculations to be done
on-line. Experimental requirements for an in-plant installation or a test and evaluation are discus-
sed.

INTRODUCTION

Product Accountability

In the cvent that nuclear fuel from light water
reactors (LWR) is reprocessed to reclaim the uranium
and/or plutenium, several analytical techniques will be
used for product accountability. Generally, the isotopic
content of both the plutonium and uranium in the repro-
cessed product will have to be accurately determined.
One plan for the reprocessing of LWR spent fuel incor-
porates the following scheme.' After separation from
both the fission products and transplutonium actinides
(including neptunium and americium), part of the
uranium und all of the plutoniun in nitrate solution will
merge to form a coprocessed stream. This solution will
be concentrated by evaporation and sent to a holding
tank for accountability. Input concentrations into the
holding tank are expected to be approximately 350 g of
uranium per liter and nearly 50 g of plutonium per liter.

The variation to be expected in these concentrations is
not known. The remaining uranium fraction will be
further purified and sent to a separate storage tank. Its
expected stream concentration will be about 60 g of
uranium per liter. These two relatively high stream
conccntrations can be monitored rapidly. quantita-
tively, and nondestructively using the technique of
energy-dispersive x-ray fluorescence anziysis (XRFA).

Eventually, the mixed product stream will be
coprecipitated and converted to a powder blend of
uranium and piutonium oxide. This product is referred
to as mixed oxide or simply MOX, and will be pack-
aged in 2000 g amounts. Since incoming LWR fuel
bundles from different reactors will not have the same
burnup, the elemental and isotopic composition of the
various MOX batches will vary. This means that for
accountability, inventory control, and subsequently
fuel fabrication purposes, there will be a need to know
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the percentage of enrichment of plutonivm in each
MOX container and batch, Futhermore, since fissiona-
bility of the product when refabricated will al=o be im-
portant, the isotopic composition of the proauct will
need to be determined. Gamma-ray spectroscopy of the
product canisters can be used to nondestructively assay
both the enrichment and isotopics of the MOX. A de-
tailed description of this measurement procedure can be
found in another report.?

Overview of XRFA

The analytical technique of XRFA depends upon
the ability 1o excite atoms within a sample and to
measure accurately the characteristic x rays emitted
from the excited atoms. The atons may be excited in
many different ways. These include the use of ordinary
x-ray tubes, with or without filtered anodes; irradiation
by @, 8, v, or X rays from radioisotopes; bombardment
by charged particles from accelerators; bombardment
by el as in el mi irradiation by
secondary x rays from a selected target element, or by
polarized x or 7 rays such as from synchrotron radia-
tion; self: ion, if the ple contains radioactiv-
ity; and by observing x rays that follow certain nuclear
decay modes.

Phenomenologically, XRFA can be understood as
follows. Assume that a flux of exciting radiation com-

posed of photons of energy. E,, is incident on a sam-
ple. A small part of the incident radiation flux may not
interact with the sample at all; another part may scatter,

_ either with or without some energy loss; or part of the

flux may be completely absorbed by the sample. Al-
though there may be millions of such interactions
throughout the sample, each interaction takes place
with a single atom. A simplified representation of one
interaction is illustrated in Fig. 1. If the incident quan-
tum is totally absorbed, and if E,, (keV) is greater than
the binding cnergy of some clectron in the atom, then
one of the atom s electrons will be cjected. This creates
a vacaney in one of the stomic shells, which leaves the
atom in an excited or unstable condition.

If the vacancy created is in the K-shell, then it may
be filled by an electron that falls from a less tightly
bound shell into the inner shell vacancy. This results in
either the emission of one of the atom s characteristic x
rays or an Auger electron (which iarely escapes the
sample). If an X ray is emitted and escapes the sample,
it is available for spectroscopic analysis. Since ail of
the characteristic x rays associated with an element are
well-known, it is possible to identify most of the ele-
mental constituents of a sample through x ray fluores-
cence analysis.

The use of this analytical iechnique has spread
quickly into many different professional disciplines.
The principal reasons arc found in the technique's ad-
vantages:



® [t has wide dynamic range, i.e., concentration
measurements from ppb to %.

® Quantitative analysis can be rapid, i.c., from
0.10 s 10 10.0 min.

@ It is nondestructive to the sample.

® Sumple preparation time is usually minimal to
none.

@ The sample form can be as a solid, liquid, or
gas.

® Multielement analysis is possible. even down to
sodium (Z = 11).

@ The spectral interpretation is almost unambigu-
ous.

@ Data output is digital, hence computerizable.

® Routine analyses are easily automated, so the
cost goes down,

® Automated systems are simple to operate by
trained technicians.

A more detailed di of the fund | princi-
ples of energy dispersive x-ray fluorescence analysis
can be found in Ref. 3.

B of these ad ges, energy-dispersive
x-ray fluorescence analysis can be used to measure
LWR reprocessed product-stream concentrations non-
destructively, noninvasively, and with sufficient accu-
racy. The following section will describe the required
experimental apparatus and computer-basced analytical
stipport instr i The Experi I Procedure
and Results section will present data obtained on
single- and dual-element nitrate solutions with typical
concentrations expected at an LWR reprocessing facil-
ity. The last section in the report will discuss the re-
search and development still needed before this
technigue can be considered ready for in-plant installa-
tion and upplication, or before an in-plant test and
evaluation can be carricd out.

EXPERIMENTAL EQUIPMENT

Excitation Source Requirements

Gamma rays can be used lo excite x rays from
atoms within a sample. The binding energies of K
electrons in uranium and plutonium are 115.59 and
121.72 keV, respectively. Since the primary gamma
ray emitted by **Co has an energy of 122.05 keV, it is
an optimum exciting radiation for these two elements,
Depending on the geometry of the sample, the exciting
radiation js usually collimated in some fashion. This is
1o reducc the amount of radiation that can scatter off
nonsample materials or that can fluoresce them.

Lithium-drifted siticon, Si(Li), is an excellent
radiation detector for x rays with less than 30 keV of
energy, but it becomes very inclficient for the detection
of radiation energies above 60 keV. Since the K x-ray
encrgies of uranium and plutonium extend from 98 to
120 keV, a lithium-drifted or high-purity germanium
deteetor, Ge(Li} or HPGe, is used. For this work a
10-mm-deep, 200-mm* HPGe detector was used. It had
an energy resolution of 600 ¢V FWHM for the
122.05-keV gamma-ray peak of 7Co.

The source-detector collimation assembly is
shown ir Fig. 2. Two *Co sources are partially colli-
mated to creatc two beams. The radioactivity was elec-
troplated onto a 1.6-mm-diam spot and encased in a

welded stainless steel 4.8 mm in di by
3.2-mm thick. These capsules* are supported by coun-
terbored alumi cylinders machined such that they

————
*Available trom Isotopes Producis Laboratorics, Burbank, CA.

point upwards at a small angle. The axes of the two
foosely collimated beams make an angle of approxi-
mately 30° with respect to the detector collimation axis.
The 0.37-mm-thick stainless steel plate indicated in
Fig. 2 is part of the bottom of a glove box, which was
used when handling all of the solutions. The source-
detector collimation assembly and liquid nitrogen (LN)
dewar are separate from and located below the glove
box. The collimator assembly is 7.5 cm iis diameter and
5.0-cm thick.

Since *'Co also emits 570- and 632-keV gamma
rays with branching intensities of about 0.16%, as well
as other weaker gamma rays above 300 keV, their in-
tensities must be strongly attenuated by introducing
shielding between the source and the detector. X rays
from lead and heavimet (tungsten alloy) can also be ex-
cited by the source gamma rays; hence, graded absor-
bers of cadmium and copper arc used as liners on the
top and bottom surfaces to eliminate these x rays. A
central 12.5-mm hole within this collimator assembly
allows part of the x rays fluoresced within the sample to
strike the detector.

In the application of interest here the sample is a
solution contained within a cylindrical geometry. A
solution cell cr pipe section used for calibration pur-
poses could have any diameter, but should be larger
than the inside diameter of the detector’s collimator.
The collimated 122-keV gamma rays interact with
atoms in the solution, creating X rays characteristic of
those elements dissolved in the solution. A portion of
the emitted x rays are collimated to strike the detector,
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and from the energies and intensities detected, the ele-
mental concentrations in the solution can be deter-
mined.

The HPGe detector cryostat used in these experi-
ments utilized a beryllium window, but such a window
is not necessary if the actinide K x-rays are to be de-
tected. Clearly, the x-ray intensity recorded by the
HPGe detector increases as the sample volume-to-de-
tector distance decreases. However, this distance can-
not be decreased indefinitely. As the distance is de-
creased, less shielding is possible between the intense
“Co sources and the detector. Those higher energy
gamma rays, which pass through the heavimet and
interact with the HPGe detector, create a Compion

A

Calibrated, unknown, or wash nitric acid solutions
containing only uranium were transferred from their
containers to the separatory funnel by the unidirectional
air flow hand pump. This avoided any pouring action.
Quantitative transfers were usually not necessary. By
reversing the dual-channel stopcock, the flow system
could be emptied using the peristaltic pump. Since 2 to
3% of the solution remains in the tubing, the system
was flushed out after each use, and then primed with a
solution close in concentration to the next to be mea-
sured. The glass cell allowed visual inspection of the
flow conditions. Three sizes of pyrex cells, 12, 25, and
38 mm in outside diameter, were used.

Once it wasd d that the ] d x-ray

ities were independent of whether the solution

continuum that appears as a constant, energy-indepen-
dent backgsound in the vicinity of the uranium aid

was flowing or static, solution cells were constructed

plutonium x rays. This noise contribution i
very rapidly with decreasing amounts of shielding, de-
grading the x ray signal-to-noise ratio quickly. Some
high Z shielding is also required around the detector
housing (above the cryostat) to reduce background
radiation detected from the local environment and
source-air scatlering.

The radiation sources and detector collimator are
necessarily coupled to the detector and jts LN dewar,
which was located below the glove box containing the
solution cell. A glove box must be used when handling
solutions containing plutonium, so that in the event of a
spill, contamination is confined. The LN dewar was
supporied by a platform bolted to the frame supporting
the glove box. This positive coupling of the dewar to
the glove box was necessary because spatial alignment
must be maintained between the solution cells within
the glove box and the detector collimation axis outside
the box. The dewar was mechanically decoupled from
the glove box frame by 12 mm of foam rubber between
the zlove box and platform and the platform and dewar.
This prevented mechanicatly induced microphonics
from the glove box, its frame, or the floor from cou-
pling into the detector.

Solution Cells

In an actual reprocessing plant, uranium and
plutonium nitrate solutions will probably flow through
stainless steel pipes. To examine the behavior of con-
centrated uranium and plutonium nitrate solution under
flowing conditions, a flow system was constructed. A
photograph of this system is shown in Fig. 3. A vari-
able speed, peristaltic pump moves the solution through
the tygon tubing and cell by a cyclical squeezing ac-
tion. The solution circulates from the separatory funnel
through the cell and pump, and then is retumed to the
funnel. The flow direction can be reversed if desired.

using stainless steel. Each celf was mach:inea to have an
outside diameter of 18.80 mm and 3.00-mm thick
walls. They had a nominal solution length of 10.0 cm.
Bottoms were heliarced to the tubes, whereas the tops
of the tubes were threaded internally. The tops for these
bes contained a recessed O-ring and a parially
threaded, axially centered, 6/32 fill hole. The stainless
steel cells were filled nearly completely, then the top
was inserted with silicone sealant applied to the threads
and a silicon based O-ring was used. The remaining
volume of the tube was filled through the small 6/32 fill
hole to eliminate any air bubbles. Then, a 6/32 machine
screw with silicone sealer on its threads was inserted.
After 24 hr each cell was decontaminated and inspected
for leaks. Stainless steel cells filled with plutonium ni-
trme or mixed uranium-plutonium nitrate must be
handled in a sealed glove box environment. To ensure
bility in the both the pyrex cells
and stainless steel cells could be positively located in a
reproducible position with respect to the detector colli-
mation axis.

Computer-Based Analyzer

The x rays fluoresced in the solution samples arz
detected by the HPGe detector. Preamplified pulses are
routed to a Canberra 1413 amplifier and 1468A pile-up
rejector. Valid output pulses are routed to a Nuclear
Data NDGDO pulse height analyzer (PHA}. The PHA
with its own LSI-11 microprocessor is coupled to an
LSI-11 minicomputer that has a 32k, 16-bit word
memory. A dual floppy disk unit is coupled 1o the
LSI-11 and each disk has a 216k byte (108k word)
capacity. Other system peripherals include a Hazeltine
videa teletypewriter terminal, an LA-180 high-speed
line printer, and a Tektronix digital data piotter.

A computer-based pulse height analyzer adds a
considerable amount of versatility to the experimental
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Fig. 5. Two spectra of uranium x rays in the 80-to-130-keV region for two concentrations of uranium nitrate plotted for equivalent
counting tinies. Note the behavior of the incoherent and coherent scattering peaks of the 122-keV exciting radiation vs coacentration.

Note that as the solution concentration increases,
the intensity of the coherently scattered exciting radia-
tion peak at 122 keV increases (because the cffective Z
of the solution increases). Also, as the solution con-
centration increases, the broad incoherent or Comp-
ton-scattered 122-keV peak at about 85 keV decreases
in intensity and shifts slightly toward a higher encrgy.
The increase in energy of this peak from 3.5 to 350 g
U/l is 0.79 keV, which corresponds to a change from
143.6° to 138.7° in the backscattering angle. In effect,
at higher concentrations the center of the solution vol-
ume fluoresced moves slightly closer to the detector,
thus decreasing the backscatiering angle.

The top spectrum in Fig. 6 shows an expanded
view of the 80-to-130-keV region of uranium and
plutenium nitrate solution. The uranium concentration

ation is

lower for clarity. All features in the spectrum have been
identified; however, many of these are quite diffcrent
than those expected in the XRFA of a freshly repro-
cessed uranium-plutonium nitrate stream. These differ-
ences merit some discussion.

The major difference is that weapons-grade
plutonium was used to make up the mixed solution.
Also, uranium slightly depleted in **U relative to its
natural abundance was used. Table 1 lists the approxi-
mate isotopic percentages for uranium and plutonium
used in making the mixed solution, and compares these
data with the isotopics expected in freshly reprocessed
spent fuel.

Table 1. Approximate uraniuvm and plutonium
Isotopics in %.

is 350 g U/l, whereas the pl
48 g Pu/l. This mixture comesponds closcly 10 the
uranium-plutonium concentration ratio expected 1o
flow into the final holding tank from a nonspiked,
coprocessed product stream. The principal features in
this spectrum are the fluoresced x rays of uranium and
plutonium, ang several plutonium gamma rays from its
natural radiosctivity. The natural radioactivity arising
from this uranium-plutonium solution is shown in the
Jower spectrum, which has been plotted one decade

Uranium 35,000 MWd/t Plutonium

isclope Fig. 6 spent fuel Fig, 6 isolope
20 <001 238
235 0.5 0.8 6.0 93.5 233
236 —_ 0.5 22 59 240
238 9.5 987 12 0.6 24
4 — 242

- = .2 G'Am)
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Fig, 6. The top spectrum is an XRFA of a mixed uranium-plutonium uitrate solution in a stainless steel cell. Their respective concentra-
tions are shown. The lower spectrum results from the natural radioactivity in the solution, It is plotted one decade lower for clarity, that
is, the 129,29 keV peak from *"'Pu in the top spectrum results entirely from the solution’s natural radioactivity.

The different isotopics will hav: the following con-
sequences on the natural radioactivity issuing from a
freshly reprocessed uranium-plutonium nitrate stream:

@ The 92.45- and 92.88-keV doublet gamma ray
in *"U from the decay of ***U will still be present, but
will not be significantly troublesome.

® The neptunivm K x-ray intensity that accom-
panies the decay of **"U and *'Am should be less in-
tense.

@ The *Y'Am, which has been chemically sepa-
rated, will not have its 98.95-, 102.97-, 123.0-, and
125.29-keV gamma rays present.



® Also, the (59.53 + 59.53-keV) sum peak
119.06 keV will be absent.

® The #'Pu, 103.68-keV gamma ray will be much
stronger.

® The #*"Pu, 104.24-keV gamma ray will also be
stronger.

® The “™Pu pamma-ray fines at 98.71-, 116.26-,
124.5-, and 129.29-keV will not he as strong.
Finally, it is difficult 10 say how strong the uranium K
x-ray lines will be from natural radioactivity. They will
grow in strength as the « decay of *''Pu approaches
equilibrium, about 42 d. A small contribution from
internal & and ¥ self-fluorescence may be present but
will depend on solution concentration. Any scparated
*7U blended back into the ceprocessed stream will
contribute to the nuptunium K x-ray intensity. Since the
plutoniuny isotopics will not remain the same from fucl
batch to batch, the natural radioactivity in the coproces-
sed stream will have to monitored. Thus, it appears that
in the x-ray fluoresced spectrum, uranium Kel and
plutonium Ka2 will be relatively free of interference,
but plutonium Kal will have strong contrihutions from
the *"Pu, 104.24-keV and the *'Pu, 103.68-keV
gamma rays. So far, there are no plans to determine or
use the K8 x-ray intensities from cither isotope.

Count Rate vs Concentration and Cell
Calibration

A set of standard solutions was prepared using
ACS-grade natural uranium nitrate. Sufficient HNOy
acid was uscd to adjust the acid concentration to 3.0 M.
The standards covered the range 0.6 to 350 ¢ U/l and
their values were determined by potential coulometry.
The solutions were introduced into the flow system as
described carlies. The 25-mm-diam pyrex cell was the
first 1o be used and Fig. 4 showed a spectrum obtained
from the 100 g UA solation. Generally, to obtain data
for each concentration, three scparate runs werc made
with the system under flow (or static) conditions once
or twice out of the three runs. Analysis live times for
each run were set to obtain better than 0.5% statistics
(40,000 counts) in the gross Kal peak, but no run was
less than 100 s. Only one long run was used to obtain
data on solution concentrations <1 g U/l. Subse-
quently, this procedure was repeated for the 12-mm-
diam pyrex cell. For the 38-mm-diam pyrex cell and
stainless steel cell, data were obtained with the solution
not flowing (static). Other extensive cxperiments had
confirmed that cc ation made on
the solution under flow or static conditions were cquiv-
alent (see next section).

Figure 7 shows the nct counting rate in counts per
second (left border) in the uranium Kol peak as a

function of solution concentration (top border) as nica-
sured with the 25-mm-diam pyrex cell. The two simi-
Jarly <haped curves below this give the count rate ob-
served in the plutonium Keal or uranjum Kel for un-
mixed solutions of plutonium or uranium nitrate, re-
spectively, in the stainless steel cell. The small figures
in parentheses indicate the analyzer dead times in per-
cent for 100 g/l solution concentrations in each cell
type. The plutonium solution contained natural ra-
dioactivity, whereas the uranium solution in the stain-
less steel cell contained less solution volume than the
25-mm-diam pyrex cell, hence its lower dead time.

As the solution concentration is increased, there
is less than a linear increase in “he count rate. This fall
off in count rate is a combination of increasing self-
absorption of the Kl x ray within the solution and an
effective decrease in the solution volume flucresced as
the concentration is increased. Clearly, the netl count
rate obscrved will depend on the *"Co source strength
(T, =270 d). the cxperimental geometry and cell wall
thickness, and the HPGe detector cfficiency. Such a
simple count rate vs concentration curve is not time in-
dependent. Furthermore, at high concentrations the rate
of change of count rate with concentration hecomes less
sensilive (i.e., a 1% change in count rate comesponds
to a 4% change in concentration at 300 g U/ for the
25-mm cell). The ohserved count rate js oo sensitive
to minor changes in geometry and systen dead time,
which varics with concentration. Air bubbles in a
flowing stream would alse. affect the obscrved count
rate. So, it is desirable 1o define a calibration procedure
that is independent of source half-life and system dead
time. inscnsitive to minor changes in gecometry and
stream flow conditions, and more sensitive 10 concen-
tration changes.

It can be seen front the two spectra in Fig. 5 that as
the fluoresced x-ray intensity increases, the 140° in-
coherently scattered, 122-keV radiation at 86 keV de-
creases. The ratio of the Kal x-ray intensity o a por-
tion of the spectrum that includes the incoherent peak is
almost indepcndent of concentration, If this ratio is
plotted vs concentration on log-log paper, the slope is
observed to increase slightly for concentrations in ex-
cess of 30 g U/L The concentration in g/l can be related
to this ratio through the relationship

C=K GKal _p .

Gl
where GKal is the gross counts within a window in-
cluding the Kal x-ray peak, Gl is the gross counts in a
window including the incoherent peak, and K is a

calibration constant in g/l. The constant B is the ratio
GK al/GI for pure nitric acid. This ratio is independent

[3)]
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A log-log plot of the measured net count rate {left) vs solution concentration (top) for single-element solutions in the pyrex and

staintess steel cell. The lower curve shows the behavior of the calibration constant K (right) vs the experimental determined ratie (bot-

tom},

of source exciter half-life, changes in dead time, and
small changes in geometry. Thus, the bracketed quan-
lity in Eq. (1) is an experimentally measurable quan-
tity. If a well-defined relationship of K vs the bracketed
quantity can be established, then their product will
yield the concentration.

The lower portion of Fig. 7 shows the behavior of
K (right border) vs this ratio (lower border) for the
siainless steel cell containing pure uranium nitrate so-
Iution. The increase in K at higher concentrations is
effectively a result of increasing self-absorption of the

uranium Kal and decreasing fluoresced volume as the
solution concentration increases. A least-squares fit to
K, expressed as a polynomial function of the natural
logarithm of the bracketed quantity, results in the
equation shown as an inset at the top of Fig. 8. This
figure shows the percentage deviation between the cal-
culated and experimental K as a function of solution
concentration in the stainless steel cell. The meun ab-
solute value difference is 0.34% with a root-mean-
square deviation of 0.20%. A similar equation was de-
fined for each of the three pyrex cells, and Table 2 lists
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results for AK. The solution concentrations were ini-
tially determined by potential coulometry and sub-
sequently were measured by the same technique two
months later. The errurs in the concentration represent
half the maximum total change in concentration ob-
served. The solution having a concentration of 78 g U/]

TABLE 2.

was initially made up as an unknown with a concentra-
tion of 78.6 g U/L. The value obtained for this solution
for the 25-mm-diam cell, and using the appropriate
equation for K, yielded a value of 78.3 0.3 g U/,
0.6% above the mean solution value of 77.84. Since
the 25-mm cell was the first 10 be used, the experimen-

Percent difference between calculated and experimental K vs concentration.

Uranium nitrate

Pyrex cell, o.d. in mm

Stainless steel cell,
0.d., inmm

in 3.0 M HNO,

g Ui % crror 12 28 38 18
3.524 20,026 0.74 -0.04 0.00 ~0.08 -0.07
10,14 20.14 1.38 0.16 -0.02 0.30 0.30
34.91:0.07 0.20 ~9.31 0.63 -0.57 -0.66
77.8420,80 1.03 - (+0.59+0.38) -0.13 0.47
99,79 =0.15 0.15 0.35 -0.4 0.87 0.24
179452045 0.25 -0.16 0,02 -0.39 -0.27

350-332¢ - -
[Mean| % 0.63 0.20 0.022 0.039 0.034
0,50 20,12 20.015 +0.29 *0,20

“The 350 g U/l soluilon was made up in 3.6 Af HNO; and also showed the largest change over a 2-mo period. Although data were taken
with each cel using this standord, it cannot be used in defining an equation for K because of its different molarity.
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Fig. 9. Four plots of sofutiun concentration vs time. The analysis time and pause times vary. The top set of data points was taken with

the solution static; the second with the first and Jast six measurements static, the center 12 f

ing; the third is a d

Tun (see fext); and the last again static. The error bars indicate statisticid counting accuracy only.

tally measured value indicates very probably the actual
concentration of the unknown solution at that time of

. A much ller concentration range
would be expected at an actual monitoring station,
hence numerous solution standards could be made that
would surround the expected value and tead 10 an cven
more accurate calibration than obtained here.

Dynamic Concentration Measurements

One of the advantages of the pyrex cell (coupled to
the peristaltic pump via tygon tubing) is the ability to
observe the solution under flow or static conditions
while a measurcment is in progress. In order to verify
that the two conditions yield equivalent results, the

following experiment was conducted. The ND-600
disk-bascd, analyzer system was programmed to carry
out an analysis for a preset time, At , in seconds, store
the results an disk, clear the memory, and begin a new
analysis, again for At 5. Data transfer and memory
clearance required a minimum of 10 s. This cycle could
be repeated n times, where n was a preselected integer.
Data could be taken in this manner with the solution
either static or flowing.

Conc resulis ob d with the 25-mm-
diam pyrex cell using the 100 g U/ solution in static
mode are shown in the topmost section of Fig. 9. Here
n was set (o 24 and At was set to 100 s. This analysis
time gave on an average about 57,000 counts gross in
the uranium Kal peak region and 89,500 counts in the
incoherent window. This defined an overall statistical




stundard deviation for cach measurement of 0.53%.
Repeating this measurement 24 times could not imi-
prove this precision. Only by making a longer mea-
surement could the statistical standard deviation, hence
the precision of the concentration, have heen improved.
The resulting mean standard deviation for the 24 mea-
surements of (.65%. which was larger than ¢.53%,
suggested an unknown and unaccounted for variable
present in the micasurement.

The second section of Fig. 9 shows a similar set of
24 measurements; however, the first and last six mea-
surements were made with the solution static, whereas
the central 12 measurements were made with the solu-
tion fMowing at 80 I/hr (approximately the flow rate of
the praduct output stream in the conceptual reproces-
sing plant). The static and flow results overlap well
within the precision of the standard error of hoth
means, which are slightly larger (0.70%) than the 24-
cycle static run (0.65% ).

Another advantage of the flow system is the ability
to demonsirate dynamic concentration measurements.
By introducing a known volume into a dry cell/tubing
system, small volumes of pure 3.0 M HNO, acid can be
introduced into the separatory funnel. These volumes
are such as to lower the concentration by known small
increments. Similarly, by introducing known volumes
of a more concentrated solution, the concentration can
be increased. In this manner concentration changes in
an actual flowing stream can be simulated. The third
seetion of Fig. 9 illustrates such measurements. Ini-
tially, 100.0 m! of the 100.0 g U/l standard solution
was introduced into the flow system with the cell and
tubing dry. Appropriatc volumes of pure 3 M HNO,
were calculated and measured so that they could be in-
troduced into the flow system, resulting in a concen-
tration reduction of exactly 1.0 g U/l for cach of five
times. Thben, appropriate volumes of more concentrated
uranium nitrate solutions were introduced to increase
the entire solution volume 2.0 g U/l for cach of three
steps. This should bring the system to 101 g U/,
whercupon a final calculated volumetric addition of
pure 3 M HNO; would return the solution to its original
100.0 g U/ concentration.

The pause time of 100 s was selceted on the basis
of results from carlier dynamic concentration runs. This
time is somewhat Jonger than that required for the solu-
tion to reach cquilibrium after imroduction of an addi-
tional volume. Results of the dynamic concentration
run are shown by the third set of results in Fig. 9.
Again, each 100-s analysis had approximately the sume
statistical accuracy of 0.53%; however, the mean val-
ues indicated for each successive concentration change
are determined from just the three (or six) measure-
ments made. These varied from 0.9 to 0.3%. Unfortu-
nately, for the seventh concentration cbange (98.2 g

U/, the data storage disk filled up and two cycles were
lost. After the next concentration adjustment, data stor-
age was eontinued on a new disk. Note that the mean of
the first and last five dynamic concentrations yield a
mean value of 100.05 = 0.63 g U/l in excellent agree-
ment with the mean value of 100.13 % 0.40 from the
first 48 static and static/flow cycles.

Finally, the analysis time was changed to 1000 s,
n set at 40, and solution ¢
carried out automaticaily in the static mode. This im-
proved the statistical precision on an individual mea-
surement to 0.17%. The mean concentration deter-
mined from the 40 measurements is 10G.1 g U/ (again
in excellent agreement with the carlier runs). with a
standard deviation of 0.23% . These data arc shown in
the lowest section of Fig. 9. During the first three runs,
careful ohservation of the uranium Keal x-ray line re-
vealed that the gain drifted sporadically by up w = 0.3
channel. Subsequent experiments showed that such
gain variations do introduce an additional error (fruc-
tion of 1) in the gross arca of the Kel peak. Recall
that a fixed channel window integration method was
used to obtain the gross counts. In an actual plant situa-
tion, a higher analyzer conversion gain would be used
(i.c.. spread a 0-t0-210-keV spectrum over 4000 chan-
ncls) and zero and gain stablizers would be employed.
These gain drifts probably account for the increused
standard deviation observed for the first 1wo 24-cycle
runs (0.65 and 0.70% vs 0.53% expected) but were not
as significant during a longer 1000-s analysis time
(0.23 vs 0.17% expected).

ation

Concentration Changes vs Acid Normality

In the conceptual reprocessing plant, the solution
entering the final cvaporation tank will have product
concentrations of 28.5 g U/l and 3.87 g Pu/l in 0.30
mol/l HNO,. In an earlier feed adjusiment step 12 mol/
HNO; is introduced to bring the solution molarity from
0.31 to 4.0 M. Depending on the accuracy of this final
feed adjustment and on the final accuracy of the evap-
oration step. both the concentration and acid normality
can be expected to vary. Therefore, it is important to
investigate what effect. if any, the solution’s HNQ,
molarity/l will have on concentration measurements
made using the energy dispersive x-ray fluorescence
analysis technique.

The essential components being measured in the
are the i ity of the U
kel X ray and the intensity of the Compton-scattered
122-keV radiation in the vicinity of 86 keV. If either of
these quantities are altered by changes in the solution
molarity, then the concentration determined will be
compromised. The density of nitric acid at 20°C varies

conc ation




from 1.032 g/l at 1 mol/l to 1.30 at 10 mol/l. An in-
crease in solution density will lead 10 an increase in the
amount of Compton scattering and the amount of solu-
tion sclf-absorption. The later will decrease the ob-
served uranium Kal x-ray intensity . Thus, if the solu-
tion concentration remains constant but the acid molar-
ity increases, the ratio (GK &1/Gl) must decrease; hence
lead to an apparent decrease in the solution concentra-
tion for the sume value of K [see Eq. (].)]. Figure 10
shows the result of the concentration determined ac-
cording to Eq. (1) and the K for 100 g U/! as a function
of acid molarity for four solutions made up at 100.0 g
U/l. The slope in the vicinity of 4.0 mol/l is about =
1.4 g U/l per unit of molarity change. What this slope
may be for other concentrations must be determined.
The significance of these data for any real process line
is that if a concentration change is indicated by Eq. (13,
it may not be real but merely a change in the solution
molarity. Therefore, two measurements are needed.
one to determinc the concentration and a second to de-
termine acid molarity. thereby verifying or modifying
the initial concentration measurement.

At any solution concentration, an increase in
HNG; molarity will result in an increase in the solution
density. The amount of transmitted radiation through a
solution decreascs with increasing solution density.
Hence, by measuring the intensity of a selected trans-
mitied beam, density information can be obtained.
Since the exciting radiation is loosely collimated, one
could in principle use the transmitted intensity of the
exciting radiation as a density monitor. Unfortunately,
this would require the use of a second detector located
in a rather precarious position above the cell. Further-
more. neither of the two exciting sources is sufficiently
well collimated to form an ideal **beam. ** However, by
using a third, highly collimated, “"Co source positioned
directly above the cell with jts collimation axis colingar
with the delcctor axis, it is possible to evaluate the so-
lution density, hence acid molarity, at any concentra-
tion,

Consider the physics of the raciation interaction.
Below 1 MeV, there are only two primary modes of
radiation interaction with matter. First, there is photo-
clectric absorption. When it occurs, a K x-ray may be
emitied. Secand, there is radiation scattering. Compton
or incoherent scattering degrades the original photon
energy for all scattering angles, © = 0°, whercas
coherent scattering leaves the incident photon energy
unchanged regardless of the scattering angle ©. Thus, a
beam of intensity I,, incident on a solution cell will have
four major components as shown in Eq. (2):

)
The first term, photoelectric absorption, is governed by
the effective atomic number of the solution in the cell

Ope + 05 + 0 + 1) =1
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Fig. 10. A plot of the variation in the measured solution con-
centration with acid molarity. All solutions were made up t4 100
g U/, but their concentrations were cakulated using Eq. (1) and
assumed the caiibration constant K for a 3 M solution was valid
for the other molarities.

(Zir)- The second term, the incoherent or Compton-
scattering cross section, is governed by Z, and the so-
lution density, py,. The third term, the coherent-scat-
tering cross section, d.s, is small and depends only on
Z.y. The last term, the transmitted intensity, I, de-
pends on Z.z and pg,. For any given cell filled with the
same solution concentration, only the second and
fourth terms will vary appreciably with changes in acid
molarity (solution density). Any photon not transmisted
must be scattered, that is, (o5 + k) is a constant inde-
pendent of solution for a given concentration. (Techni-
cally, 0;. also depends on density but only she heavy
element component of the total effective photoelectric
cross section is measured by the uranium or plutonium
Kal x rays, hence oy, is essentially independent of
Pea-7 Any scattering angle can be chosen as a rep-
resentative measure of the Compton-scattering cross
section, hence that part of the gross incoherent peak
area already integrated can be used. Since, the exciting
source strength is much greater than the *‘beam®*
strength, that fraction of the gross incoherent area cho-
sen to sum with the “"beam™" intensity will depend on
the transmission source strength. So a measurement of
the transmitted intensity plus an appropriate fraction of
the incoherent or Compton-scattered intensity will
allow a determination of acid molarity.

A series of x-ray fluorescence specira were ab-
tained covering four different concentrations from 3.5
to 100 g U/l prepared at each of five different acid
molarities that spanned the range 1.0 to 9.0 M/I. A third
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All three are plotted s  function of acid molarity for 35 g U/l
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3Co source was mounted above the cell position and its
1.2-mm beam aligned colinearly with the HPGe detec-
tor uxis. All measurements were made with the same
refillable stainless steel cell with a fiducial line marked
along its side. The cell was placed in two lucite **feet””’
secured to the stainless steel piate in the bottom of the
glove box. The lucite feet ensured that the cell was re-
positioned exactly from run to run, whereas the fiducial
line guaranteed that the cell was placed with the same
*'side”* up. Any variation in the thickness of the cell’s
wall vs length or axial pasition could introduce varying
amounts of absorption. As will be seen, small changes
in transmitted intensity are important.

Figure 11 shows results for the five 35-g U/l solu-
tion standards. As the acid molarity increases from 1.0
to 9.0 M, the solution density increases and the ob-
served uranium GKal counts/s decreases by nearly
4%. At the same time the gross incoherent scattered
peak area increases by 5% (no scale given for dashed
line). Note that as was observed in Fig. 10, if each of
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Fig. 12. The top curve shows a semilog plot of the behuvior of
the y 122-keV radiation as a function of con-
centration for the stminless steel cell. Note the large contribution
from the s1alnless siee cell, The Jower curs2 shows the hebavior
in the negative rate of change of concentration with molarity as a
function of concentration. A linear fit was assumed.

proposed, then, is to obtain an average value fu: (T-cs)
plus an appropriate fraction of Gl fo: all acid molarities
at cach concentration. This average value should be a
constant independemt of acid molarity at ¢ «ch concen-
tration. It will be called X.

Table 3 izes the trz ion results ob-
tained fc: the various acid molarities and roncentra-
tions measured. The smallest percent error in the
parameter, ¥, for the source strength used here is ob-
tained by taking 5% of the gross incoherent area, and
summing it with the net transmitted 122-keV intensity
to yield the parameter X. This 5% fraction yields the
lowest average percent crror for all concentrations
(0.63 2 0.17%). Note that the statistical accuracy
alone is about = 0.5% or worse for just the (T-cs) com-
ponent. The fractional percentage errors in X at each of
the individual concentrations listed in Table 3 are to be
compared to the large percentage changes in calculated

these solution concentrations had been cal d using
an equation similar to Eq. (1) and the 3.0 M value for
K, a decrease in concentration would be observed as
molarity increases (similar to Fig. 10, only steeper).
Also, Fig. 11 shows that the net counts observed in the
transmitted beam’s 122-keV intensity decrease with in-
creasing acid molarity. Again, increasing solution den-
sity leads to a 4% decrease in the transmitted 122-keV
radiation. The total coherent-scattered (cs) contribution
of 4150 counts has been subtracted. About 4000 of
these counts come from the stainless steel cell walls,
The increase in the 122-keV coherent-scattering count
rate vs concentration is shown as the top curve in Fig.
12. For this size stainless steel cell only a small fraction
of the total number of coherent-scattered events comes
from pure nitric acid or uranium nitrate. The method

ation values of 22% at 3.5 U/l to 6% at 100 g
U/, which would have occured if they had all been as-
sumed to be 3 M and if their concentrations were de-
termined by the ratio method, i.c. Eq. (1). The lower
curve in Fig. 12 shows the rate of change of solution
cancentration per unit molarity change as obtained
from concentrations calculated according to the ratio
method, assuming it is applicable. This eurve indicates
that at low concentrations, changes in acid molarity,
hence solution density, strongly affect the uranium
Keal x-ray intensity and the incoherent-scattering con-
tributions, thus strongly affecting the concentration re-
sulis obtained. For more concentrated uranium solu-
tions an increase in acid molarity leads to a decrease in
the calculated concentration, but by smaller percen-
tages.



Tahle 3. A summary of the acid molarity vs concentration results.

Concentration

M (5% GI) + (T-cs) = Constant PR o, in % auil
9 30,350 11,134 48,084
1 29,960 18,753 48,713
5.5 29,925 18,364 48,289 48,290 + 300 +0.62% 100.0
3.0 29.340 18,742 48,082
9 33,820 31,768 65,588
7 33,420 32,300 65,720
55 33,378 32,526 65,901 65,620 + 270 +0.41 35.0
3 32,825 32900 65,725
1.5 32,190 32,990 65,180

35,645 6,230 71,475

35,115 36,260 71,375

M.910 38,100 73.010 72,140 - 600 +0.83 10.3
au M.115 38,170 72.285
1.1 33,760 38,390 72,150
9 36,145 37,130 73.275
7 35,650 38,040 73,690
5.5 35210 39,050 74,260 73,560 = 480 =0.65 3.56
3 34,590 39,010 73,600
Lo 33,940 39,050 72,990
*Average % error 0,63 - 0,17
The actual percentage change in dC/dM probubly does 100
not go 1o 0, but would asymptotically approach the con-
centration axis. The fitted line shown intersects the axis 50 s~
because a linear relutionship was assumed. kS \1\ RN

Figure 13 illustrates the behavior of the parameter & 20 (T-cs) Steel cell @ 3 4 N

X s a function of concentration. As the concentration 2 0 ] T > i
decreases, X asymptotically approaches a constant. ! T 25-mm pyrex celi \ \\
This is reasonable since both terms in the sum will ap- '2 } f 1 A
proach constant values as the sofution concentration 3 \
approaches that of pure ucid. The middle curve illus- o 2 \
trates the behavior of the transmitted 122-keV radiation 1.0

for 3 M HNO; concentrations as measured in the stain-
less stee] cell. The lower curve illustrates the behavior
of relative wransmission through the 25-mm-diam pyrex
cell. All of the curves shown in Figs. 11, 12, and 13
can be fit with mathematical functions. Therefore, by
making both an x-ray fluorescence analysis measure-
ment and a rransmission measurement it is possible to
define both the selution concentration and acid molar-
ity. A typical measurement is described in the appendix
to this report.
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Fig. 13. A log-log plot of the relative number of counts for three
parameters vs concentration. The sigma (X) is o sum of $% of the
gross incoherent and the transmitted intensity of a 122-keV beam
(T-cs} for the stainless stecl cell. The bottom curve shows the
fransmitted intensity through the 25-mm pyrex cell (different
beam than that vsed for the stainless steel cell).



FUTURE RESEARCH AND DEVELOPMENT NEEDS

Before the technique of energy-dispersive x-ray
fluorescence analysis can be considered ready for in-
plant installation or an in-plant test and cvaluation,
there are a number of experimental parameters that
must be further explored or refined. These include
mechanica, clectronic, computer-based algorithms,
and solution requirements. They will be discussed in
the order just given, which in effect proceeds from the
sitnplest to the more complex issues confronting the
possible usc of this technique for monitoring solution
concentrations in a repracessing plani.

Mechanical Reqguirements

The net count raie obtained from fluorescence of
the solutions within the pyrex cells was observed 10 in-
cmase by a factor of 3 going from the 12-mm- to the
25-mm-diam cell, but it increased by only another 20%
when the 38-mm cell was used. Thus, for the largest
Jdiameter cell. the solution depth is nearly infinitely
thick as far as the exciting and fluoresced radiations are
concerned. The steel cells used had an cffective inside
di of 1.58 ¢m ¢¢ 1 t0 2.2 cm for the 25-mm
pyrex cell, The smaller steel cell gave rise to fewer
fluoresced K x-rays, but relatively more incohcrently
scattered cvents. Its higher atomic number walls [Fe (Z
= 26) vs Si (Z = 14)] are closer to the cdges of the
solid angle accepied by the detector through the
hecavimet collimator. A larger steel cell would improve
the fluoresced signal 1o Compton-scattered noise level.
However, in ihe event the solution contains a radioac-
tive component (**Pu, *\°Pyu, 'Pu, or ¥**U), a larger
cell would give rise to an increase in the background
noise from gamma-ray radiouetivity within the solution
volume. The steel cells also have by necessity thicker
walls (to simulate a2 plant pipe), hence an optimum
diameter for the steel cell must be defined in terms of
whatever detector collimator diameter is selected. Inan
actual plant situation if the steel pipes cannot be mod-
ified, then the detector collimation would be defined by
the pipe di . For a 1.50-mm-thick stainless steel
wall tubing and 12.5-mm-diam detector collimator, it
appears that a steel cell 3.5 cm in diameter may give a
near-optimum XRFA signal-to-noise level. The op-
timum diameter should be found. If thicker walls sre
required in a real plant pipe, then a stronger exciting
source strength would be required.

In the event that the XRFA technigue is used on
either a single-el or dual-el solution in
which there is considerable radioactivity (***U or %Py,
#9py and *#Pu), then a shutter mechanism could be de-
signed that would be computer controlled. One position

would affow fluorescence, the other would not, hence
only the natural radijoactivity would be observed. For
solutions containing a significant amount of radioactiv-
ity, then the count time for fluorescence and radioac-
tivity content would be of equal length. For solutions
containing relatively litie activity, the radiocactivity
count time required would be longer to obtain equiva-
lent statisties; however, the correction applied to the
fluorescence data would be correspondingly smaller,
hence it would need to be less accurately quantified.

A very important consideration for either plant in-
stallation or test and evaluation is localization of
the dewar-detector, source-exciter-collimator assem-
bly. The detector and analysis system must be cali-
brated. This will most likely be done using stainless
steel cells of very nearly exactly the same physical di-
mensions as those of the process-stream pipe. Since the
dewar-detector assembly would be located in two dif-
ferent places for the calibration measurements vs the
actual some mechanical means must be
devised that will positively locate the pipe in exactiy
the same position as the calibration cells. This localizer
should be mechanically coupled to the collimator as-
sembly. Note that the only mechanical requircment
prior to carrying out un in-plant test or installation is
that the type of stainless steel used in the process-
stream pipe, its outside diamcter, and its wall thickness
be accurately known and defined.

Electronic Requirements

All of the results reported in the section Experi-
mental Pro and Results were obtained using an
analyzer conversion gain of 0.2 keV/channel over 1024
channels. The HPGe detector had a resolution of about
600-eV FWHM for the 122-keV, “"Co gamma ray;
hence, there were about three channe 3t FWHM for a
typical 100-keV x ray {(uranium or plutonium) and six
channels at FWTM. For an in-plant test or installation it
would be desirable 1o spread the spectrum over 4096
channels and include the 200- to 213-keV region. This
would allow access to the intensities of the 203.54-keV
gamma ray of **"Py, the 205.31-keV gamma ray from
235, and the 208.00-keV gamma ray in the decay chain
of 2'Pu. The conversion gain would be about 0.052
€Vichannel, giving typical x-ray FWHM line widths of
10-11 channels at 100 keV for a detector having 550-eV
FWHM at 122 keV. This smaller conversion gain
would aiso allow better resolution of close-lying x-ray
lines such as uranium Keal at 98.439 keV and
plutonium Kea2 at 99.536 (peak-to-peak separation of
21 chunnzts at 0.052 eVichannel). Finally, more accu-




shie tl

rate fitting of the sp ! data is p gh the
use of sophisticated mathematical x-ray and y-ray peak
shape algorithms. These are discussed in the following
subsection.

In the resulis reported in Experimental Procedures
and Results there was cvidence of a =0.3 channel gain
drift. This drift could have been in the analyzer, am-
plifier, or the preamplifier. Although this magnitude of
gain drift would be less troublesome if a smaller con-
version gain were used (provided it was due solely to
the analyzer); neverheless, the most accurate and re-
producible results will be obtained if gain and zero
stabilization are employed. At the smaller conversion
gain of 0,052 eV/channel, copper would be the better
material to line the inner wall of the detector col-
limator, in addition to the cadmium. This would give
rise to a constant source of copper x rays that would
serve as an excellent zero stabilization pulse. The Kal
and Ke2 x rays would appear at 8.04 keV, or about
channe! 155. If the XRFA system employed a third
*Ca source to monitor the solution for density changes
(changes in acid molarity), then the transmiited
122.05-keV line would always be present, hence anex-
cellent gain stabilization pulse. Otherwise, one of the
fluoresced x rays or one of the natural radioactivity
gamma rays could be used.

Computer Software Requirements

The results discussed in this report have been
based principally on gross counts within a fixed-chan-
nel window. This method works well for single-cle-
nent solutics at medium to high concentrations with-
out any substantial (<1%) radioactivity content. For
single-element sofutions with greater than a 10% con-
tribution in the x-ray region from stream activity, or in
dual-clement solutions where the plutonium contributes
radioactivity, the fixed-window method of spectral
peak integration is insufficient, In its place, mathemati-
cal x-ray . . pamma-ray peak shape fitting functions
must ~ used. Such fitting functions can be used to fit
very ¢.. .plicated spectra with excellent results.? These
software codes are written but have not yet been fully
implemented on the kinds of spectra obtained in this
work. Once they are successfully implemented, many
of the equations that currently usc total gross counts
would be redefined in terms of net counts observed.
Also, for weak solutions such a net count calibration
would lead to beticr accuracy. This would eliminate the
BK term of Eq. (1).

Solution Requirements

The only dual-element solution made up for
evaluation of the XRFA tecnhique contained slightly

depleied uranium and aged weapons-grade plutonium.
Hence, the isotopics of both elements were not rep-
resentative of those expected at the output of an LWR
fuel reprocessing plant. In addition, americium was
present, which would not occur in reshly reprocessed
material. To obtain solutions more representative of
freshly reprocessed material, chemical separations
<hould be performed on plutoninm oxides that have an
isatopic composition more nearly like that shown in the
two center columns of Table 1. The chemically separ-
ated plutonjum solution would be concentrated and
combined with natural wraniom or slightly enriched
(~1% **U) uranium nit.ate to obiain the desired con-
centrations. Then, these solutions would be measured
at frequent periods for several months to examine the
time-dependen? growth of the radioactive decay prod-
ucts. Storage tanks will probably be used at a reproces-
sing plant, and since solution storage times are not well
defined, any measurements made poststorage would
have different spectral characteristics than those of the
freshly repracessed prestorage solutions. It is imporiant
that these time-dependent results be understood and
interpretable, hence the need 10 simulate these results
as closely as possible in the laboratory.

In the event that an in-plant test and evaluation is
desired, the detector-excitor system should be more
carefully calibrated in the immediate vicinity of the
concentration, isotopics, and acid molarities expected
in a particular stream. The results presented in the pre-
vious section demonstrated that the XRFA technique
can be applied over a wide dynamic range of solution
concentrations. Clearly, if this technique were installed
on one or more streams within a reprocessing plant,
these streams would not experience a onc-to-two order
of magnitude change in concentration. Similarly, the
stream’s acid molarity would not be expected to span
the range 1 to 9 M. Instead, concentration, acid stream
molarity, and even radioactivity content would vary by
small percentages, perhaps even by factors of 2, but not
by factors of 10 to 100.

Suppose, for example. that a single-element
stream of uranium nitrate was to be monitored and its
concentration was 8 + 2 g U/l, with an acid molarity
range of 3 > 0.3 M/, and enriched in U to0 50 =
20%. Then, calibration solutions would be made up at
concentrations of 2, 6, 8, 10, 14, and 20 g U/, all with
acid molarities of 3.0 M/l and enrichnicnts in ***U of
50%. Additional solutions of concentrations 4, 8, and
{2 g U/l would be made up at each of three acid
molarities 1, 3, and 5 M. Finally, anothe. & g U/l solu-
tion would be made with a ***U enrichment of 70%; one
each 8 g U/l solutions at 30 and 70% enrichment, and a
10 g U/l solution at 30% enrichment. With these in ad-
dition 1o the standard 50% enrichment solutions. the



entire range of variation in the concentration. molarity,
and enrichment expecied in this streem would be span-
ned and carefully calibrated. In addition to the
fluoresced intensity, the natural radioactivity of each of
the differemt enrichment solutions would be measured;
hence it also would be well calibrated.

In the cvent that dual-clement sireams are to be
monitored, a more carefei calibration must be carried
out using mathematical algorithms that allow net counts
to be determined. Then, the functional forms for the
two individual calibration constants, Ky and Kp, would

be different than that derived for either of these ele-
ments alone in a single-element solution. The exact
nature of their functional forms would depend on the
concentration ratios. For example, if uranium is present
at a concentration seven times that of plutonium, t *n
the fluorescence results for 50 g Pu/l plutonium must be
interpreted in terms of a total solution concentration of
400 g/1 (350 g U + 50 g Pu/l). Thus, not only will the
net ¢/s vs concentration look different, but also the
functional form of K and Ky, can be expected to differ
from those shown in Fig. 7.
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APPENDIX
Concentration Measurement Procedures and Equations

A typical would [

d as foilows. First the concentration would be calcutated from Eq. (1)

(Fig. 7). This yields a solution concentration, C, at the standard operating solution molarity. From this preliminary
concentration, T, the amount of coherent scattering can be calculated (Fig. 12). Then the constant Z is obtained from
the sum of a fraction of the obscrved gross incoherent intensity plus (T-cs). This Z leads to a new concentration, C*
(Fig. 13). fC=C’ =(¢# + o), then the original concentration calculated is accepted. If the new concentration
C* does not agree with C to within their combined standard deviation, then two values for the solution molarity can be
calculated from the (T-¢s) and GK a | relationships (Fig. 11). The difference between the standard operating molar-
ity, M, and the two calculated molarities, M, and M,, lead to two small correction factors, C, and C, (Fig. 12), that
arc applied to the original concentration. In the next few paragraphs the actual equations obtained for the stainless
steel cell will be given, then three examples will be presented to illustrate the use of the equations and the methed.

First, an equation is defined for K for the stainlcss
steel wbe containing pure uranium solutions with a
*Co “beam™ tr sousce d above it.
This equation is

InK =5.97i6 + 0.5625InR +
0.17986 (In R)? + 0.01743 (In RY?, (A-1)

where R =(UGKa1/Gl — B), and G stands for gross
counts. This equation is valid for conc ions 1 <C
< 150 g U/l, which is obtaincd from the product KR.
Also nate that beeause of the additional source scatter-
ing material above the cell, Eq. (A-1) is not the same as
that shown at the top of Fig. 8. Having calculated a
concentration, the 122-keV coherent-scattering con-
tribution from the solution and the stainless steel tube,
cs, in counts/1000 s, is given by

cs = 3995 + 186 In C — 181.4 (In C)% +

40.6 (In C)°. (A-2)
Then, the sum
% = [0.05Gl + (T - ¢s)] (A-3)

defines the constant =, where T is the total number of
net counts recorded in the 122-keV gamma-ray line.
Next, the equation

InZ=11225-0.0675InC’ +

0.05684 (In C")2 —

0.01362 (In C')? (A-4)
allows a value of C' to be calculated using either inter-
polation or an iterative procedure. It was impossibie to
find a satisfactory expression for C’' = fn(Z). If C does
not agree with C’ to within the error (o2 + 0.2)'2,
then HNOy; molarity values for the solution must be
calculated from the UGK el and T’ = (T-¢s) values, In
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Fig. 11, both of these werc obscrved to have had a
linear relationship with acid molarity; however, their
slopes and :atercepts will be functions of concentration.
Thus, both equations take the form

GKa(C) = a, + b4 M, (A-5)
and

T'(C’) =a, + by M,, {A-6)
where

ay, = 11,266.6 C67%5, (A-7}

by = —2.81806 C22% (C 032650 (A-8)

a; = C}___g;"o"z‘?s [(C-M||7sm)(nc'

(COME2 y TR (¢ Do0adve) anc'n’] (A-9)

and b, = —48.086 C!#% (C~0%)"C", (A-10)

Note that C’ should be used throughout in Eqs. (A-7)
through (A-10) wherever a C appears. In effect, the
coefficients a, ; and by ; allow the intercepts and slopes
of the linear relationship between GKa, T’ and molar-
ity to be calculated. Once M, and M, are obtained, then
dM; = M~ M, and dM, = M — M, are obtained. The
percentage correction that must be applied to the origi-
nal concentration, C, is given by

4C_ _ 54 ' -

M 3.24 +0,5088In C°, (A-11)
thus

G, = (1 +dC/100) C, {A-12)

C: =(1 +dCy/100) C. (A-13)

Clearly Egs. (A-1) through (A-13) are valid only for the
stainless steel cell used in this experiment. Once K is
defined, the Eqs. (A-1) and (A-11) throngh (A-13) are
independent of source half-life. Equations (A-2)
through (A-4) and (A-7) through (A-10) depend on
half-life, i.e. the counts obtained must be comected for
time elapsed since defining the functional relationships.



TABLE 4, Examples of actual and simulated concentration determinations.”

Known (k)
or
assumed (2) Measured counts GKa Calculated Measured
M concentration UGKel Gl GI K cate  concentrution (o)  0.05GI {T-cs5) X C' (o)
3.0 34.92 (W) 120,750 656,500 0.15226  229.0 34.87 (10} 32,825 32,900 65,725 34.64(23)
0 36.75 (a) 124,950 654,400 0.15927 219.8 36.60 (10) 32,720 32,280 65,000 36.80(23)
? 3.92 (k) 118,600 667,000 0.14615 218.4 3338 (10} 213,350 32.29%0 65,630  34.90 21

2See text for detailed explanation of tubular entrics.

Such corrections are casily carried out by the LSI-11
computer.

Consider the three examples shown in Table 4.
Note that for the third example the molarity is un-
known. The values for K in column 6 are calculated
from Eq. (A-1). These K values lead to the calculated
concentrations shown in column 7 (errors shown in
parentheses). Continuing, we use the parameter X de-
rived according to Eq. (A-3) to derive new concentra-
tion values, C’. These values are derived from Eq.
(A-5) by using cither an iterative procedure or interpo-
lation. In the first two cases, the total error oy = (or?
+ @) allows overlap between C and C',
hence the original concentrations deturmined from the
XRF analysis (column 7) are verified by the transmis-
sion measurements. However, for the third case the
difference in concentrations (columns 7 and 11) is 1.52
+ (.23 g U/l. This disagreement suggests a change in
the acid molarity. Using the data in columns 3 and 10
{line 3) and the concentration C' (not the C from col-
umn 7), values for M, and M, can be calculated from
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Egs. (A-5) through (A-10). Equations (A-7) and (A-8)
yield a, = 121,971 and b, = —523. This calculated
intercept and slope is to he compared with values of
122,450 and —560 from the least-squares fit to the data
shown in Fig. 11. Similasly. Egs. (A-9) and (A-10)
lead to the values a, 33,365 and b, = ~182, vs
33,350 and about —~162 scen in Fig. 11 for th. (T-cs)
line. The values of a;, b, and ay, b yield M, = 6.45 and
M, = 5.95, Since dM, and dM, are negative, dC, and
dC, are positive and C, = 1.0494C and C, = 1.0422C.
These two sinall corrections are applied to the original
concentration, C = 33.38, shown in column 7. Thus,
C, = 35.03 and C, = 34.79 for a mean value of C =
34.91 = 0.12, which is in excellent agreement with the
value obiained for C’ of 34.90 % 0.21. The mean solu-
tion molarity determined is 6.2. Note that had the solu-
tion molarity been less than 3, the concentration calcu-
lated in column 7 would have becn too large, i.e., C >
C’, the dM s would have been positive, and the dC's
negative. Thus, C would have been reduced.



