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THREE-ENERGY GAMMA-RAY ABSORPTIOMETER (TEGA)
FOR NONDESTRUCTIVE ASSAY OF PLUTONIUM AND URANIUM IN SOLUTION

by

Massimo Aparo

ABSTRACT

An experimental approach for the nondestructive charac-
terization of plutonium and uranium solutions is presented.
The technique relies on the transmission of photons of three
different properly chosen energies and allows an independent
and simultaneous determination of plutonium and uranium by
the different absorption of the two elements in the range of
K-edge energies. The performances achievable have been eval-
uated through measurement of a set of solutions using the
hardware of the compact K-edge densitometer. The plutonium
and uranium concentrations ranged from 50 to 150 g/%. In
this concentration range, the relative precision is below
3.0%2 for uranium assay and below 6% for plutonium assay.

Further improvements of the performances of the technique are
discussed.



I.  INTRODUCTION

A nondestructive technique for independent and simultaneous determination
of plutonium and uranium in solution is currently under development. The meas-
uring technique relies on the transmission of photons at three different prop-
erly chosen energies and is based on differential absorption of plutonium and
uranium in the range of K-edge energies. This technique can be considered as a
further development of dual energy x-ray absorptiometry (DEXA),.I which is based
on differential absorption in the range of L-edge energies. DEXA is a non-
destructive technique for the assay of mixed special nuclear material (for in-
stance, thorium and uranium or uranium and plutonium) in solution. This meas-
uring technique relies on the transmission of photons of two different energies
and allows independent evaluation of one element (thorium or uranium), with
the second one (uranium or plutonium) being determined on the basis of the
total heavy elements. Field testing of the DEXA instrument for assay of thor-
jum-uranium mixed solutions demonstrated assay precisions of better than 1% in
a counting time of 4000 s for both elements in the range from 30 to 70 g/t.
Also demonstrated was the potential of using the instrument for process control
or as a safeguards assay tool in reprocessing facilities.

The DEXA technique appears to be unsatisfactory for assay of uranium-
plutonium mixed solutions having high plutonium concentration because sponta-

.. 2
neous emissions from 38

Pu overlap the transmitted peaks.

To overcome this problem and to make the method insensitive to the pres-
ence of fission products, we decided to shift the analysis to the range of
K-edge energies where it becomes possible to independently assay both uranium
and plutonium. For this reason, a feasibility study of the TEGA technique was
carried out and the results were presented at the Sixth ESARDA conference.2

This report describes the physical principles of the technique and pre-
sents the first experimental results obtained using the same measuring head as
that used with the compact K-edge densitometer (KED),3 an instrument developed

at Los Alamos National Laboratory.

I1. FORMULATION OF THE METHOD

Use of the TEGA technique in assaying solutions for plutonium and uranium
concentration involves the measurement of the transmission through the solution

2




of three photons at energies EQ, Em’ and Eh' The upper part of Fig. 1 shows
the behavior of the photon absorption coefficient u around the K-edge region of
heavy elements (plutonium, uranium). (The elements are dissolved in a Tow-Z
acid medium.) The lower and middle parts of Fig. 1 show the transmitted photon
intensities for the three photopeaks at the energies EQ, Em’ and Eh'

10.0 — f —4
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Fig. 1. Upper: an expanded view of the mass attenuation
coefficient around the K-edge region vs gamma-ray energy for
plutonium and uranium. Middle: a schematic representation
of the transmitted photon intensities for "blank" (solid
curves) and uranium-bearing solution (dotted curves). Low-
er: a schematic representation of the transmitted photon
intensities for "blank" (solid curves) and plutonium-bearing
(dotted curves) solution.



The transmissions of the photons at these three energies through a thick-
ness d of sample solution are

-n T, = [“Pu(En)pPu + uU(EQ)pU]d
-n T = [upu(Em)ppu + uU(Em)pU]d

o . - - o o *
The transmissions Tﬁ,m,h are the ratios of photopeak intensities Rz,m,h/RQ,m,h’
where the intensities in the denominator are the "blank" solution values and
those in the numerator are solution values.

If EQ, Em’ and Eh are chosen to satisfy the following conditions,

(1) E(U K-edge) < E, < E(Pu K-edge)
(2) Back balancing: u(U,E)) = u(U,Em)

(3) Forward balancing: u(Pu,Em) = u(Pu, Eh) R

then
-en (To/T,)
p =
U u(Pu,Ey) - w(Pu, E;)]d
-4n (T /Tp)
Pu




Although it is possible to find radioisotopes that emit a 1ine between the
K edges of uranium and plutonium, satisfying both balancing conditions appears
not to be achievable. Nevertheless we can create these conditions by correct-
ing the measured transmissions TZ and T; to the values they would assume at
energy E, and Eh' This correction is straightforward because of the linear be-
havior of &n u(E) vs 2n (E), at least in a limited energy range far away from
edges:

B *
an Th

en T, [u(Pu,Em)/(u(Pu,E:)] an T: -

* * *
n T2 = [u(U,Em)/u(U,EQ)] n T2 =qa &n T2

*

h® at

Expressing Pu and U as a funct1on of the measured transmissions T Tm’ T
*
at energies EQ, Em, and Eh’ respectively,

*
- 4n T2 + 4n Tm

[au(Pu,EZ) - u(Pu,Em)]d

*
-2n Tm + B 2&n Th
oy = *y

U [u(U,Em) - au(U,Eh)

1d

To fulfill these requirements, a 755e source has been chosen despite its
short half-l1ife of 120 days, and the measurements have been carried out using

the Tines at 96.733 keV (EQ), 121.115 keV (Em), and 198.596 keV (Eh).



ITI. BASIC INSTRUMENT FEATURES

The compact K-edge densitometer has been used to allow testing and evalua-
tion of the method. This instrument consists of (1) a measurement head (Fig.
2) that allows measurement through a glove port of a glove box; (2) a portable
planar detector (10 mm by 200 mm2 with a resolution of 510 eV at 122 keV); and
(3) a portable, computer-based multichannel analyzer (4096-channel Davidson).
For our measurements, a cadmium shield (2 mm thick) was placed in front of the
detector to achieve a lower energy cutoff that kept the deadtime of the multi-
channel analyzer below 20%. The solutions were contained in plastic vials with
a transmission path of 2 cm. The distance between the source and the detector
was about 28 cm, and the diameter of the output collimator was 0.5 cm. The
75Se transmission source, located in a holder at one end of the measuring
head, had a nominal activity of 52 mCi, but at the date of measurements it was
4 months old. An amplifier shaping time of 3 us was used during data acqui-
sition, and pulse pileup rejection was employed. A "straight-through" measure-
ment with a "blank" solution (3M HNO;) was collected every day to obtain the

CONTAMINATED
OLOVE BOX INTERIOR

LOW ENERGY PHOTON SPECTROMETER
HIBH PURITY GERMANIUM DETECTOR

TUNSSTEN
-SAMPLE VIAL

aLove
TUNGSTEN SHIELDING

COLLIMATOR

/YRI'OD

aLove sox
CLEAN
WORK AREA

view AT A-A

Fig. 2. Measuring head of the compact K-edge densitometer used for
testing the performance of the TEGA technique.




unattenuated values R;,m,h' Because the method is based on ratios of
transmitted peaks of a single radioisotope, it was not necessary to introduce a
time correction that takes into account the half-life of 755e. A typical
spectrum of the transmitted radiation is shown in Fig. 3.

IV. EXPERIMENTAL RESULTS

A set of standard (pure plutonium or uranium as well as mixed) aqueous
solutions (35_HN03) has been prepared to calibrate and test the performance of
the technique. Calibration of the instrument has been carried out by using one
pure plutonium and one pure uranium standard solution with a counting time of
4000 s. However, the choice of the calibration solutions does not affect the

results.

1966

1 ] ] 1 { { 1 1 I t 18 I
4280 796 1163 1630 1897 2264 2631 2998 3365 3732
Channel Number

Fig. 3. Typical straight-through spectrum of transmission source. The 88-keV
peak from a 109Cd source can be used for counting loss correction.
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Figure 4 is a plot of the calibration constant (Aud) vs plutonium concen-
tration. For each plutonium sample, the correction constant was determined
both by measurements (as the ratio between the 97- and 121-keV transmitted
peaks for different uranium solutions) and by calculation (from literature
values). Figure 5 is the same plot of calibration constants, but vs uranium
concentration.

The same standard solutions have also been measured with the KED system
to compare the performances of the two techniques, TEGA and KED. The results
obtained are summarized in Table I and compared with the known values; related
uncertainties (1o) are also given.

It is worthwhile to point out that the difference in respective uncertain-
ties between uranium and plutonium is principally due to the large correction
factor (2.1) applied to the transmission at energy E2 for satisfying the back
balancing condition. Such a problem was not noticed in the previous feasibil-
ity study because the evaluation of the expected performances was carried out
using the 1ine at 66.11 keV, closer to the ideal energy E.I (70 keV). The esti-
mated correction factor of the 66-keV line is 0.8. Currently, the experimental
apparatus will not allow the measurement of the 66.11-keV 1line.

Figures 6 and 7 show the relative assay precision expected for plutonium
as well as for uranium as a function of the U/Pu ratio in a counting time of
2000 s. The blocks on the figures represent the measured relative precision.

It must be pointed out that, in principle, the technique is sensitive to
the matrix material, which is taken into account through the measurement of
"blank" solution. So matrix variation (for instance, fluctuation of acid mo-
larity) may introduce systematic errors that are independent of uranium and
plutonium concentration. Calculations have shown that a 0.5M variation in the
acid (HN03) molarity introduces biases of about 0.5 g/% in the assay of pluto-
nium and about 0.15 g/¢ in the assay of uranium. In both cases, by correcting
the transmission data for the presence of the other heavy element, we have
actually enhanced the effect of the variation of the matrix. The large differ-
ence in the two correction factors causes the introduced bias in the plutonium
determination to be much greater than the bias in the uranium measurement.
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Fig. 4. A plot of the calibration constant Aud in cm3/g
vs plutonium concentration. Each point represents a
different correction factor o determined by the ratio
between the 121- and 97-keV transmitted peaks for each
uranium solution or by literature values.
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Fig. 5. The same plot as in Fig. 4, but vs uranium con-
centration. The correction factor B was determined by
the ratio between the 121- and 198-keV transmitted peaks
for each plutonium solution or by literature values.



TABLE I
COMPARISON OF CONCENTRATION MEASUREMENT RESULTS

TEGA? KEDP
Known Concentration Measured Concentration Measured Concentration
Plutonium  Uranium PTutonium Uranium PTutonium
(g/2) (g/%) (g/8%) (g/2) (g/2)
44.8 - 45.49 + 3,27 0.219 + 1.58 44,31 + 1.64
94.0 - calibration calibration
142.5 - 141.78 + 4.07 -1.06 + 1.76 142.6 * 2.61
223.2 - 234.02 + 5.24 -2.92 +1.96 228.8 * 3.76
- 51.9 -0.717 + 3.03 51.30 * 1.46 0.865 + 1.46
- 103.7 calibration -4.65 +* 1.5
- 155.6 -2.46 * 3.69 153.19 * 1.67 -1.21 * 1.583
45.2 103.7 48.43 * 4,05 98.4 + 1.76 40.10 + 1.63
68.6 77.8 69.38 * 4.08 77.26 * 1.77 66.83 + 1.82
93.1 51.9 97.1 + 3.73 51.14 = 1.63 88.78 + 1.98
103.7 155.6 108.8 + 4,97 152.98 + 1.63 102.8 + 2.23

aThe TEGA technique used a 2000-s counting time.
bThe KED technique used a 3000-s counting time.

10
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Fig. 6. A plot of expected per cent precision (o) vs
Pu/U ratio for a 2000-s counting time and different ura-
nium concentrations. The blocks represent the measured
precision.
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Fig. 7. A plot of expected per cent precision (1o) vs
the U/Pu ratio for a 2000-s counting time and different
plutonium concentrations. The blocks represent the
measured precision,
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V. CONCLUSION

The instrumental approach described here appears interesting because it
allows simultaneous and independent determination of two heavy elements, pluto-
nium and uranium, that often flow in the same stream in different parts of the
nuclear fuel cycle (that is, in reprocessing plants, conversion plants, and
others). In addition, by optimizing the design of the measuring head, the in-
strument might work both in an active mode (determination of plutonium and
uranium concentration) and in a passive mode (isotopic analysis of plutonium),
allowing a complete characterization of the assay solution.

Further improvement of the assay precision appears feasible either by (1)
rearranging the measuring head to reduce the distance between the source and
the detector and introducing a stronger 75Se source (for instance, activity
100 mCi) in such a way as to use the 66.11-keV line, or (2) because the 66.11-

keV line is the most important cause of imprecision, by replacing the 75Se

source with a mixed source of 755e and 133

Ba. According to calculations made
on the basis of the experimental results, the first alternative [use of a
stronger 75Se source (activity 100 mCi) with a shorter distance between the
source and detector] should allow measurement of plutonium with a relative pre-
cision under 2.5% in a counting time of 1000 s. The second alternative [use

of a mixed source of 75Se and 133

Ba (with activities of 25 and 10 mCi, respec-
tively) and the same measuring device we used in our study] should allow a
relative precision under 2% in a counting time of 1000 s. In this case, the
81-keV 1ine of ]33Ba would replace the 66-keV line of 755e.

The relative precisions achievable by these two different arrangements for

plutonium assay are plotted vs the U/Pu ratio in Figs. 8 and 9.
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Fig. 9. The same plot as Fig. 9, but the source was
assumed to be a mixed 75Se "and 133Be source, with
activities of 25 and 10 mCi, respectively.
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