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INTRODUCTION

In the event that nuelear fuci from Light water reactors (LWR)
is reprocessed to reonlaim the uraniam or plalonium, severa. analyt-
izal techniques will be used for product accountability. General-
ly, the isotopic content of both the piutonium and uranium in the
reprocessed product will have to he accurately determined. One
plan for the reprocessing of LWR spent fuel incorporates the fol-
lowiag scheme. After separation !rom botn tne fission prnducts
and transplutonium actinides {inecluding neptunium and americium],
part of the uranium and all of the plutonium in a nitrate solution
will merge together to form a coprocessed stream. This solution
will be concentrated by evaporation and sent to a hold tank for
accountability. Input concentrations into the hold tank could be
up to 350 g U/% and nearly 50 g Pus/L. The variation to be ex-
pected in these concentrations is not known. Tihe remaining urani-
um fraction will be further purified and sent to a separate stor-
age tank, Its expected stream concentration will b2 about 60 g U/&.
These two relatively high actinide stream concentrations can be mon-
itored rapidly, quaniitatively, and nondesiructively using the tech-
nique of energy-dispersive x-ray fluorescence analysis (XRFA).?

¥This work was performed under the auspices of the U. S. Department
of Energy by Lawrence Livermore Laboratory under contract
No. W-7405-Eng-48.



EXPERIMENTAL EQUIPMENT

Exzitation Source Requirements

Gamma rays can be used Lo ex~ite x rays from atoms within a
sample. The binding energies of K eiectrons in U and Pu are 115.59
and 121.72 keV, respectively. Since the primary gamma ray emitted
by 57co has an energy of 122.05 keV, it is an optimum exciting ra-
diation for these two actinide elements. The exciting radiation is
usually collimated in some fashion that depends on the geometry of
the sample. This is to reduce the amount of radiation that can scat-
ter off of nonsample materials or that can cause them to fluoresce.

Lithium-drifted silicon, Si(Li), is an excellent radiation de-
tector for x rays with less than 30 keV of energy, but it becomes
very inefficient for the detection of radiation energies above 60 keV.
Since the X x-ray energies of U ard Pu extend from 96 to 120 keV, a
lithium-drifted or high-purity germanium detector, Ge(Li) or HPGe,
is used. For this work a 10-mm-deep, 500-mm¢ HPGe detector was
used. It had an energy resolution of 600 eV FWHM for the 122.05-
keV gamma-ray peak of Co.

The source-detector collimation assembly is shown in Fig. 1.

Two 37Co sources are partially collimated to create two beams. The
radioactivity was electroplated onto a 1.6-mm-diameter spot and en-
cased in a welded stainless steel capsule¥ 4.8 mm in diameter and
3.2 mm thick. The 0.37-mm-thick stainless steel plate indicated in
Fig. 1 is part of the bottom of the glove box, which was used when
handling all of the solutions. The source-detector collimation as-
sembly and liquid-nitrogen (LN) dewar are separate from and located
below the glove box. The collimator assembly is 7.5 cm in diameter
and 5.0 em thick.

Since %7Co also emits 570- and 692-keV gamma rays with branch-
ing iatensities of about 0.16%, as well as other weaker gamma rays
above 300 keV, their intensities must be strongly attenuated by in-
troducing shielding between the source and the detector. X rays from
lead and Hevimet (tungsten alloy) can also be excited by the source
gamma rays; nence, graded absorbers of cadmium and copper zre used ar
liners on the top and bottom surfaces to eliminate thes.. x rays. A
central 12.5-mm hole within this collimator assembly allows part of
the x rays released within the sample to strike the detectcr.

¥Aivailable from Isntopes Products Laboratories, Burbank, Calif.
Reference to a company or product name does not imply approval
or recommendation of the product by the University of California
or the U,S. Department of Energy to the exclusion of others

that may be suitable. ;
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Fig. 1 A cross sectional view of the source exciter and de-
tector collimator assembly. The 0.37-mm stainless
steel plate is part of the bottom of a glove box as-
sembly.

In the application of interest here the sample is a solution
contained within a cylindrical geometry. A solution celi or pipe
=ection used for calibration purposes could have any diameter, but
should be larger than the inside diameter of the detector's colli-
mator. The collimated 122-keV gamma rays interact with atoms in the



solution, creating x rays characteristic of those elements dissoivedq
in the solution. A portion of the emitted x rays are coilimated to
strike the detector, and from the energies and intensitias detected
the elemental concentrations in the solution can be determined.

The HPGe detentor eryostat used in these experiments utilized a
beryllium window, hut Such a window is not necessary if actinide K
x rays are to he detected. Clearly, the x-ray intensity recarded by
the HPGe detector incr2ases as the sample volume-to-detector dis-
tance decreases. However, this distance cannot be decreased indef-
initely. As the distance is decreased, less shielding is possible
hetween the intense 57Co scurces and the detector. Those higher
energy gamma rays, whivh pass through the Hevimet and interact witn
the HPGe detector, create a Compton continuum that appears as a con-
stant, energy independent background in the vicinity »f U and Pu x
rays. This background contribution increases very rapidly with de-
creasing amounts of shielding, degrading the x-ray signal-to-noise
ratio quickly. Some high Z shielding is also requireq around the
detector housing (above the cryostat) to reduce background radiatinn
detected from the loecal environment and source-air scattering.

The radiation sogurces amd detector coilimator are necessarily
coupled to the detector and its LN dewar, which was located below
the glove box containing the solution cell. A glove box must be
used when handling solutions containing Pu so that, in the event of
a spill, contamination is confined.

Solution Cells

In an actual reprocessing plant, U and Pu socluticns will prob-
ably flow through stainless steel pipes. In order to examine the
behavior of these solutions when in motion, a flow system was con-
structed. A variable speed peristaltic pump moves the solution
through the Tygon tubing and cell by a cyclical squeezing action.
The solution circulates from the separatory funnel through the czll
and pump, and then is returned to the funnel. The flow direction
can be reversed if desired.

Calibrated, unknown, or wash nitric acid solutions containing
only U were transferred from their containers to the separatory fun-
nel by use of a unidirectional air flow hand pump. This avoided any
pouring action. Quantitative Lransfers were usually not necessary.
By reversing the dual-channel stupcock, one could empty the flow sSys-
tem using the peristaltic pump. Sinze 2 to 3% of the solution re-
mained 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
measured. The glass cell allowed visual inspection of the flow con-
ditions. Three sizes of Pyrex cells, 12, 25, and 38 mm in outside
diameter, were used.
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Once it was demonstrated that the x-ray intensities were inde-
pendent of whether the solution was flowing or static, solution celis
were constructed using stainless steel (SS). FEach cr1]l was machined
to have an outside diameter of 18,80 mm and 1.50-mm-thick walls.

They had a nominal solution leng*h of 10.C cm. SS cells filled with
Pu nitrate or mixed U-Pu nitrate had to be handled in a sealed glove
box environment. To insure repcatability in the measuremenis, both

the Pyrex cells and SS cells could be positively located in a repro-
ducible position With respect to the detector collimation axis.

Computer-Based Analyzer

The x rays releaced in the solution samples were detected by the
HYPGe detector., Preamplified pulses were routed to a Canberra 1413
amplifier and 1468A pile-up rejector. Valid output pulses were rout-
ed tm s iWuclear Data NDG6OD puise height analyzer {(PHA}. The PHA,
with its own LSI-11 microprocessor, was coupled to an LSI-11 mini-
computer that had a 32K 16~-bit-word memory. A dual floppy disk was
coupled to the LEI.11 and each disk had a 216K-byte (10BK-word) ca-
pacity. Also, a dual hard disk syscem with a 10M-byte capacity was
coupled to the LSI-~11. Other system peripherals include a Hazeltine
video teletypewri-er terminal, an LA-180 high-speed line printer,
and a Tektronix d:gital data plotter.

A computer-based pulse height analyzer added a considerable
amount of versatility to the experimental system. In fact, in an
actual reprocessing installation a computer-based data analysis sys~
tem would be essentjal, and probably would be linked to a command
computer center. This particular system allowed successive spectra
to be storecd on disk and permitted spectrum analysis to be carried
out simultaneously wiile data were also being acquired. Whatever
automatic analysis sequence is desired, appropriate software can be
written and stored on floppy disk. Generally, the software programs
can be written in FORTRAN, BASIC or another language familiar to the
user.

EXPERTMENTAL PROCEDURES AND RESULTS

Spectra

The spectrum shown in Fig. 2 is the result of an x-ray fluo-
rescence analysis of pure uranium nitrate solution at 100 g U/2
contained in a 25-mm-diameter cylindrical Pyrex cell. Total anal-
y3is time was 334 live time seconds at 19.4% analyzer dead time,
using two 5-mCi 57co sources. The net Kual x-ray intensity is al-
most 2 x 10% counts. The energy region shown extends from O to
200 keV. One of the more dominant features in the spectrum is the
broad, intense peak centered at about channel 45C. This peak is a
result of the primary exciting radiation (the 122-keV gamma ray of
5TCo) inconerently (Compton) scattering through an angle of 140°,
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Fig. 2 A 1024-channel XFRA spectrum of 100-z-U/% uranium
nitrate in the 25-mm cell. The cadmium x rays re-
sult from a liner on the inner wall of the detector
collimator. The two broad peaks above channel 30Q
are incoherently scattered platinum (source backing
material) x rays.

The sharp, intense peaks localed between channels 500 and 620
are the K x rays of U. The most intense x ray is Kal at 95.439
keV. Ka2 is about half as intense and located slightly lower in
energy at 94.665 keV. The KB x rays contain more than one compo-
nent. Hence, they appear as multiplets. The (K81 + KB3 + KB5)
x ray is located near channel S5B84, while (KB2 + KBY + K§) is less
intense and is located near channel 608. The weak 122-keV peak at
about channel 644 is coherently scattered (no energy change) excit-
ing radiation. The very weak peak observed at channel 720 is coher-
ently scattered 136.4-keV gamma ray also from 57Co. TIts intensi-
ty is one~tenth that of the 122-keV radiation. The short, nearly
flat distribution centered about channel 488 is the 140° incoher-
ently scattered radiation from the 136.4-keV gamma ray.

Figure 3 shows an expanded view of a fluorescence spectrum ot
the 80- to 130-keV region for two different concentrations of U in
nitric acid. The most intense spectrum represents a concentration



105, . . . - [

~85 ka2 " 350gUA
keV " U x rays
K33
Kp2
104 — .- - — e K
. ’ Ké
b 574
. | 122.keV
€3 | y ray
3103 |
© i
| ' 359U
102 - - Ty
-122 keV Compton scatter peaks
100 . - . . A Aol e
440 480 520 560 600 640

Channel number

Fig. 3 Two spectra of uranium x rays in the 80-to-130-keV
region for two concentrations of uranium nitrate
plotted for equivalent counting times. Note the
behavior of the incoherent and coherent scattering
peaks of the 122-keV exciting radiation versus
concentration.

of 350 g U/%; while the weaker spectrum results from a nitrate so-
lution containing only 3.5 g U/%. These two spectra span a dynam-
ic concentration range of 100. The actual dynamic range offered by
the XRFA technique is in excess of 1000; however, it is most useful
for concentrations above 1 g U/%2. Below 1 g U/L the counting

times required become much longer in order to obtain sufficient sta-
tistical accuracy.

Note that as .ne solution concentration increases the intensity
of the coherently scattered exciting radiation peak at 122 keV in-
creases (because the effective Z of the solution increases). Also,
as the solution concentration increases, the broad incoherently scat-
tered 122-keV peak at about B5 keV decreases in intensity and shifts
slightly toward a higher energy. The increase in energy of this peak
from 3,5 g U/% to 350 g U/ is 0.79 keV, which ccrresponds to a
change from 143.6° to 138.7° in the backscattering angle. In ef-
fect, at higher concentrations the center of the solution volume



exposed moves slightly closer to the detector, thus decreasing the
backscattering angle.

The top spectrum in Fig. U shows an expanded view of the 80~ to

130-keV spectrum region for U and Pu nitrate solution. The U concen-
Th's

tration is 350 g U/L; while the Pu concentration is 48 g Pu/L.
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Fig. 4 The top spectrum is an XRFA of a mixed uranium plu-
p

tonium nitrate solution in a stainless steel cell.
Their respective concentrations are shown. The low-
er spectrum results from the natural radioactivity
in the solution. It is plotted one decade lower for
clarity: the 129.29-keV peak from 23%py in the top
spectrum results entirely from the solution’s natu-
ral radioactivity.
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mixture corresponds closely to the U-Pu concentration ratio expected
to flow into the final hold tank from a nonspiked, coprocessed pro-
duct stream. The principal features in this spectrum are the fluo-
resced x rays of U and Pu and severzl Pu gamma rays from its natural
radiocactivity. The natural radioactivity arising from this U-Pu so-
lution is shown in tne lower spectrum, whiech has been plotted one
decade lower for nlarity. All features in the spectrum have been
identified; however, many of these are quite differert than those
expected in the XRFA of a {reshly reprocessed nitrate stream. These
differences merit some discussion.

The difference in isotope percentages wili have the foilowing
influence on the natural radioactivity issuing :crem a freshly re-
processed U-Pu nitrate stream. The 92,45- and 92.88-keV doublet
gamma ray in U from the decay of 238y will still be present, but
will not be significantly troublesome. The neptunium X x~ray inten-
sity, which accompanies the decay of 23Ty and TAm, should be less
intense. The 1Am, which has been chemically separated, will not
have its 98.95-, 102.97-, 123.0-, and 125.29-keV gamma rays present.
The (59.53 + 59.53-keV) sum peak at 119.06 keV will be absent. The
241py 103.68-keV gamma ray wiil be much stronger. The 240py, 104,24~
keV gamma ray will also be stronger. The 239py gamma~ray lines at
98.71, 116.26, 124.5, and 129.29 keV will not be as strong.

Finally, it is difficult to say how strong the U K x-ray lines
will be from natural radioactivity. They will grow in strength as
the a-decay of 2471Pu approaches equilibrium, after about 42 d. A
small contribution from internal < and y self-fluoprescenze may be
present but will depend on solution concentration. Any separated
23Ty blended back into the coprocessed Stream will contribute to
the neptunium K x-ray intensity, Since the Pu isotope percentages
will not remain the same {rom fuel bateh to batch, the natural ra-
dioactivity in the coprocessed stream will have to be monitored.

- Thus, it appears that in the x-ray spectrum U Kxl and Pu Xa2 will
be relatively free of interference, but Pu Kal will have strong con-
tributions from the 240py, 104.2u-keV and the 247Pu, 103.68-keV
gamma rays.

Count Rate vs Concentration and Cell Calibration

A set of standard solutions were prepared using ACS-grade nat-
ural vranium nitrate. Sufficient HNO3 acid was used to adjust the
acid concentration to 3.0M. The standards covered the range from
0.6 g U/R to 350 g U/L and their values were determined by potential
coulometry. The solutions were introduced into the flow system as
described earlier. The 25-mm-diameter Pyrex cell was the first to
be used, and Fig. 4 showed a spectrum obtained from the 100-g-U/%
solution. Generally, to obtain data for each concentration three
separate runs were made with the system under flow (or statie) con-
ditions once or twice out of the three runs. Analysis live times



fcr each run were set to obtain better than 0.5% statistics (40,000

counts) in the gross Kxl peak, but no run was less than 100 s.

Only

one long run was used to obtain data on solution concentrations

<1 U/%. Subsequertly, this nrocedure
g

was repeated for the

12-mm Pyrex cell. For the 33-mm Pyrex cell and 3S cell, data were

obtained with the solution not fiowing.

Other extensive experiments

had confirmed that concentration measuremeats made on the solution
under either flow or static conditions were equivalent {see the next

section).

Figure 5 shows the net counting rate in counts/s {leflt border}
for the U Kal peak as a function of solution concentration (top
border), as measured with the 25-mm Pyrex cell. The two similarly

Concentration — g Z/¢
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Fig. 5 A log-log plot of the measured net ccunt rate (left)

versus solution concentration (tep) for single ele-
ment solutions in the Fyrex and stainless steel
cells. The lower curve shows the behavior of the
calibration constant K (right) versus the experi-
mentally determined ratio (bottom).



shaped curves beiow this give the count rate observed for Pu Kal or
U Kal for unmixed sclutions of plutonium or uranium nitrate re-
spectively, in the S3 ceil. The smali figures in parentheses indi-
cate the analy:e: dead iimes irn percent for 100-g/2 solution concen-
trations in eacr cell type. The Pu solution contained natural radi-
oactivity. The U solution in Lhe 55 cell contained less solution
volume than the 25-mm Pyrex ceil, hence its lower dead time.

As the solution concentration is increased, theire is less than
a linear increase in the count rate, This decline in count rate is
a combination of increasing self-absorption c¢f the Kx1 x ray within
the solution and an effective decreass in the selution volume as the
concentration is ingreased. C(learly, the net count rate observed
will depend on the 57Co source strength (Ty,z = 270 d), the experi-
mental geometry and cell wall thickness, and the HPGe detector effi-
ciency. Such a simple curve showing count rate vs concentration is
not time independent. Furthermore, at high concentrations the rate
of change of ccunt raie with concentration beccmes less sensitive
(i.e., a 1% change in count rate corresponds to a 4% change in con-
centration at 300 g U/R for the 25-mm cell). The observed count
rate is also sensitive to minor changes in geometiry and system dead
time, 'shich varies with concentration. Air bubbles in a flowinug
stream would also aftec. the observed count rate. So, it is de-
sirable to define a calibration procedure which is independent of
source half-life and system dead time, insensitive to minor changes
in geometry aud stream flow conditions, and more sensitive to con-
centration changes.

1t can be seen from Lhe two spectra in Fig., 3 that as the x-ray
intensity increases, the 140°, incoherently scattered, 122-keV radi-
ation at 86 keV decreases. The ratio of the Knl x-ray intensity to
a portion of the spactrum that includes the inagherent peak is al-
most 1ivdependent of concentration. The concentration in g/ can be
relatad to this ratio by the formuia

_Toker .1
C-K[GI-BJ 0

where GKal is the gross count within a window including the Kaxi
x-ray peak, Gl is the gross count in a window including the inco-
herert peak, and K is a nonlinear calibration parameter in g/L.
The constant B is the ratio GKa1/GI for pure nitr.c acid. This
ratio is independent of source exciter half-life, changes in dead
time, and small changes in geometry. Thus, the bracketed quantity
in Eq. (1) is an experimentally measured quantity. If . well-
defined trelationship betwzen K and the bracketed quantity can be
established, then their product will yield the concentration.



The lower portion of Fig. 5 shows the behavinr of K (right
border) vs this ratio {lower border) fnor the SS rell conta ulng
pure uranium nitrate solut.on. The increase in K at higher conren-
tratioas is effectively a result »f inereasing self-absorptinn of
U Kal and decreasing {luoresced volume as the solution concentra-
tion increases. A least squares fit to K, expressed as a polyno-
mial function of the natural logarithm of the bracketed quantity,
results in “he equation shown as an inset at the top of Fig. 6.
This figure shows the percentage deviation between the calculated
and experimental K as a function of solution roncentration in the
SS cell. The mean absolute value difference in 3.34% with a root
mean square deviation of 0.20%.

Dynamic (ancantration Measurements

One o." the advantages of the Pyrex cell (noupled to the peri-
staltic pump via Tygon tubing) i3 the ability to observe the solu-
tion under flow or static conditions while a measurement is in prog-
ress. The ND-h00 disk-based analyzer system was programmed to carry
out an analysis for a preset time At s, stcre the results on disk,
clear the memory, and begin a new analysis, apain for At s. Data
transfer and memory clearancc required a minimim of 10 5. 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.

15 ——7— T T 1 T I T T 7
tn K, = 5.988 + 0.6258 kn X + 0.2146 (tn )’ :
10 +0.02493 (¢n x)3 q
. _ GKal
where X = =—- - B

05k Gl L |
- ]; P T Mean | AK |
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Fig. 6 A semilog plot for the residuals AK versus the con-
ceniration. The equation used to¢ caiculate K is
shown. The mean |AK| is 0.34 + 0.20%.



The top section of Fig. 7 shows a set of Z4 measurements; how-
ever, the firat and last six measurements were made with the solu-
tion static, while the central 12 measurements were made with the
solution flowing at 80 %/h. The static and flow results overlap
well within the precision of their standard errors, which are
slightly larger (0.70%) than for the 2U-2ycle static run (0.65%).

Another advantage of the flow system is the abilit, to demon=-
strate dynamic concentration measurements. By introducing a known
volume intoc a dry ce'l and tubing system, smail volumes cf pure 3.0M
HN03 acid can be introduced into the separatory Tinnel. These vol-
umes are such as to iower the concentration by known small incre-
ments. Similarly, *y introducing known volumes of a more concen-
trated solution. tne concentration can be increased. In this manner
concentration changes in an actua: fiowing stream can be simulated.
The lower section or Fig. 7 :llustrates such measurcments. Initial-
100.0 ml of the 100.0-g- ;.2 standard solutien was introduced

ly,
100.0 — s analyze, 10.0 s wurt (24 cycles), static & flow
102 ° Static -~ - Flow .- Static = -
100 -~ - - SRR B B
5 98 100.4 + 0.7 Static
o 100.2 * 0.7 Flow
c
o
E 100.00 -- 5 analyze, 100.0 — s wait,
g dynamic concentration run (34 cycles)
g 102 ‘ ‘ . 1102
Q . ' i ! 1 - {
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98 . Tl S 7 e
96 ‘ e - 3
94 100.3 99.0'978 97.2 96.1 961 98.2100.7 998 o

108 +09:07-04° 0.9 950C()4 050506 .03

Fig. 7 Two pluts of solution ~oncentrzticn versus time.
Analysis time and pause times vary. The top set
of data points was taken with the first and last
six measurements statie, and the center 12 measure-
ments flowir.z; the lower set is a dynamic corcen-
tration ruu (see text). The error bars indicate
1o statistical counting ancuracy only.
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