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THREE-ENERGYGAMMA-RAYABSORPTIOMETER(TEGA)
FOR NONDESTRUCTIVEASSAY OF PLUTONIUMAND URANIUM IN SOLUTION

by

Massimo Aparo

ABSTRACT

An experimentalapproach for the nondestructivecharac-
terization of plutonium and uranium solutions is presented.
The technique relies on the transmissionof photons of three
different properly chosen energies and allows an independent
and simultaneous determinationof plutonium and uranium by
the different absorptionof the two elements in the range of
K-edge energies. The performancesachievablehave 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/1. In
this concentration range, the relative precision is below
3.0% for uranium assay and below 6% for plutonium assay.
Further improvementsof the performancesof the techniqueare
discussed.
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I. INTRODUCTION

A nondestructivetechnique for independentand simultaneousdetermination

of plutoniumand uranium in solution is currently under development. The meas-

uring technique relies on the transmissionof photons at three different prop-

erly chosen energies and is based on differentialabsorption of plutonium and

uranium in the range of K-edge energies. This techniquecan be consideredas a

further developmentof dual energy x-ray absorptiometry(DEXA),’ which is based

on differential absorption in the range of L-edge energies. DEXA is a non-

destructivetechnique for the assay of mixed special nuclear material (for in-

stance, thorium and uranium or uranium and plutonium)in solution. This meas-

uring techniquerelies on the transmissionof photons of two

and allows independent evaluation of one element (thorium

the second one (uranium or plutonium) being determined on

total heavy elements. Field testing of the DEXA instrument

differentenergies

or uranium), with

the basis of the

for assay of thor-

ium-uraniummixed solutions demonstratedassay precision of better than 1% in

a counting time of 4000 s for both elements in the range from 30 to 70 g/9+.

Also demonstratedwas the potentialof using the instrumentfor process control

or as a safeguardsassay tool in reprocessingfacilities.

The DEXA technique appears to be unsatisfactory for assay of uranium-

plutonium mixed solutions having high plutonium concentrationbecause sponta-
238neous emissions from Pu overlap the transmittedpeaks.

To overcome this problem and to make the method insensitiveto the pres-

ence of fission products, we decided to shift the analysis to the range of

K-edge energies where it becomes possible to independentlyassay both uranium

and plutonium. For this reason, a feasibilitystudy of the TEGA techniquewas

carried out and the resultswere presentedat the Sixth ESARDA conference.2

This report describes the physical principles of the technique and pre-

sents the first experimentalresults obtained using the same measuring head as

that used with the compact K-edge densitometer(KED),3 an instrumentdeveloped

at Los Alamos National Laboratory.

II. FORMULATIONOF THEMETHOD

Use of the TEGA technique in assaying solutions for plutonium and uranium

concentrationinvolvesthe measurementof the transmissionthrough the solution

2



of three photons at energies ~, Em, and Eh. The upper part of Fig. 1 shows

the behavior of the photon absorptioncoefficientp around the K-edge region of

heavy elements (plutonium,uranium). (The elements are dissolved in a low-Z
acid medium.) The lower and middle parts of Fig. 1 show the transmittedphoton

intensitiesfor the three photopeaksat the energies El, Em, and Eh.

I

~.’g
I——— —

I I I
I I I
I I I

1 I I

Pu I I
I

i
I

I u I ----,;==+

~p:g :~

-
70

E(keV)

Fig. 1. Upper: an expanded view of the mass attenuation
coefficientaround the K-edge region vs gamma-rayenergy for
plutonium and uranium. Middle: a schematic representation
of the transmitted photon intensities for “blank” (solid
curves) and uranium-bearingsolution (dotted curves). Low-
er: a schematic representationof the transmitted photon
intensitiesfor “blank” (solid curves) and plutonium-bearing
(dottedcurves) solution.



The transmissionsof the photons at these three energies through a thick-

ness d of sample solutionare

-~n T! = IVpu(Efl)Ppu + vu(EJpu]d

Em)pu]d-In Tm = [~pu(Em)Ppu+ PU’

-Qn Th = [Ppu(Eh)Ppu+ Pu(Eh)pu]d .

. .
‘he ‘ransmlsslOns‘!?,m,hare the ratios of photopeak intensitiesRR m h/R~ m h,99 99
where the intensitie-s_in the denominator are the “blank”

those in the numeratorare solutionvalues.

If El, Em, and Eh are chosen to satisfy the following

(1) E(U K-edge)

(2) Back balance

< Em < E(Pu K-edge)

ng: IJ(U,EA)= P(U,Em)

(3) Forward balancing: p(Pu,Em) = p(Pu, Eh) ,

then

Ppu =

pu =

-In (Tfl/Tm)

[v(pu,ER) - P(Pu, Em)]d

-!tn(Tm/Th)

[p(U,Em) - p(U,Eh)]d “

solution-values and

conditions,



Although it is possible to find radioisotopesthat emit a 1ine between the

K edges of uranium and plutonium, satisfyingboth balancingconditionsappears

not to be achievable. Neverthelesswe can create these conditionsby correct-

ing the measured transmissionsT; and T; to the values they would assume at

energy Eg and ‘h” This correctionis straightforwardbecause of the linear be-

havior of !LnP(E) vs !?n(E), at least in a limited energy range far away from

edges:

finTl = [kdU,Em)hdU,EJl !tn T; = LYgn T; .

ExpressingPu and U as a functionof the measured transmissionsT;, Tm, T;, at

at energies E;, Em, and E:, respectively,

mlnT~+!LnTm
‘~‘Pu [CY,P(PU,EI) - v(Pu,Em)]d

+
-!tnTm+f31nT~

Pu *
= IIJ(U,Em)- W(u,Eh)]d “

5

To fulfill these requirements, a 75Se source has been chosen despite its
short half-life of 120 days, and the measurements have been carried out using

the lines at 96.733 keV (EL), 121.115 keV (Em), and 198.596 keV (Eh).



III.

tion

BASIC INSTRUMENTFEATURES

The compact K-edge densitometer

of the method. This instrument

2) that allows measurementthrough a--

has been used to allow testing and evalua-

consists of (1) a measurement head (Fig.

glove port of a glove box; (2) a portable
planar detector (10 mm by 200 mmz with a resolution of 510 eV at 122 keV); and

(3) a portable, computer-basedmultichannel analyzer (4096-channelDavidson).
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 solutionswere contained in plastic vials with

a transmissionpath 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 measurementsit was

4 months old. An amplifier shaping time of 3 ps was used during data acqui-

sition, and pulse pileup rejectionwas employed. A “straight-through”measure-

ment with a “blank” solution (3M HN03) was collected every day to obtain the—

CONTAMINATED
8LOVE BOX INTERIoR

LOWCP4CR0VWTON 8PJ?CTROUCTCR
MIOMPUR$lVOERMANWM OEICCTOR

#

/’ (l
r TUNOSTCN II , -OAUUEVIAL

//
●LOVl!

.— -TUNOOTCN●HII!LDW40

4\.//
yG-”-,

.

c

%

..-

Elox

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



unattenuated values ~*,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 75Se. 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 (3flHN03) 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.

1 I I I I I I I t I I i

420 ‘7B0 1163 M30 1897 2264 2631 2%)8 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 calibrationconstant (Ayd)vs plutoniumconcen-

trateon. 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 performancesof the two techniques,TEGA and KED. The results

obtained are summarized in Table I and compared with the known values; related

uncertainties(la) are also given.

It is worthwhile to point out that the differencein respectiveuncertain-

ties between uranium and plutonium is principally due to the large correction

factor (2.1) applied to the transmissionat energy El for satisfyingthe back

balancingcondition. Such a problem was not noticed in the previous feasibil-

ity study because the evaluation of the expected performanceswas carried out
using the line at 66.11 keV, closer to the ideal energy El (7O keV). The esti-

mated correctionfactor of the 66-keV line is 0.8. Currently,the experimental

apparatuswill not allow the measurementof the 66.11-keVline.

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 representthe 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, fluctuationof acid mo-

larity) may introduce systematic errors that are independent of uranium and

plutonium concentration. Calculationshave shown that a 0.5M variation in the—
acid (HN03)molarity introducesbiases of about 0.5 g/1 in the assay of pluto-

nium and about 0.15 g/1 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 variationof the matrix. The large differ-

ence in the two correction factors causes the introducedbias in the plutonium

determinationto be much greater than the bias in the uranium measurement.
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1 e 8
● LITERATURE VALUES

t

0 121/97RATIO FROM U = 100 g/Q
A 121/97 RATlO FROM U =50 g/fl -1
0 121/97 RATlO FROM U = 150 g/fl

6.6 ●

1 I 1 1 1 I I 1 I 1 1 I I I I I I

50 100 150 200
Pu CONCENTRATION g/1

Fig. 4. A plot of the calibrationconstantApd in cm3/g
vs plutonium concentration. Each point represents a
different correction factor a determined by the ratio
between the 121- and 97-keV transmitted peaks for each
uranium solution or by literaturevalues.

t

I ● LITERATURE VALUES
0 121/198 RATIO FROM Pu = 50 g/Q
O 121/198 RATIO FROM Pu = 100 g/J?
A 121/198 RATIO FROM f% = 150 g/1 I

60 ~.
50 100 150 200

U CONCENTRATION g/1

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 transmittedpeaks
for each plutonium solutionor by literaturevalues.
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TABLE I

COMPARISONOF CONCENTRATIONMEASUREMENTRESULTS

Known Concentration
lutonlum Uranium
(g/L) (g/L)

44.8

94.0

142.5 -

223.2

51.9

103.7

155.6

45.2 103.7

68.6 77.8

93.1 51.9

103.7 155.6

TEGAa
Measured Concentration

Plutonlum Uranium
(g/~) (!3/1)

45.49 * 3.27 0.219 t 1.58

calibration

141.78 t 4.07 -1.06 f 1.76

234.02 f 5.24 -2.92 f 1.96

-0.717 f 3.03 51.30 f 1.46

calibration

-2.46 f 3.69 153.19 t 1.67

48.43 t 4.05 98.4 f 1.76

69.38 f 4.08 77.26 f 1.77

97.1 * 3.73 51.14 t 1.63

108.8 f 4.97 152.98 * 1.63

—

KEDb
Measured Concentration

Plutonlum
(g/l)

44.31 * 1.64
calibration

142.6 f 2.61

228.8 t 3.76

0.865 t 1.46

-4.65 t 1.5

-1.21 f 1.53

40.10 * 1.63

66.83 t 1.82

88.78 f 1.98

102.8 ? 2.23

aThe TEGA techniqueused a 2000-s counting time.
bThe KED techniqueused a 3000-s COUnting tiMf2.
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Fig. 6. A plot of expected per
Pu/U ratio for a 2000-s counting
nium concentrations.
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cent precision (la) vs
time and differentura-
represent the measured
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Fig. 7. A plot of expected percent precision (la) vs
the U/PU ratio for a 2000-s counting time and different
plutonium concentrations.

The blocks represent themeasured precision,



v. CONCLUSION

The instrumentalapproach described here appears interesting because it

allows simultaneousand independentdeterminationof 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 optimizingthe design of the measuring head, the in-

strument might work both in an active mode (determinationof plutonium and

uranium concentration)and in a passive mode (isotopicanalysis of plutonium),

allowing a completecharacterizationof the assay solution.

Further improvementof the assay precision appears feasible either by (1)

rearrangingthe 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 75Se and 133Ba. 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 measurementof plutoniumwith a relativepre-

cision under 2.5% in a counting time of 1000 s. The second alternative [use

of a mixed source of 75Se and 133Ba (with activitiesof 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 line of 133Ba WOU1d replace the 66-keV 1ine of 75Se.

The relativeprecisions achievableby these two differentarrangementsfor

plutonium assay are plotted vs the U/Pu ratio in Figs. 8 and 9.
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o 1 2 3 4

U/Pu RATIO

Fig. 8. A plot of the expected relativeprecisionin
plutoniumassay vs U/Pu ratio for 1000-s counting time
and different plutonium concentrateons. The 75Se
source activity was assumed to be 100 mCi; that of the
distance sourcedetector,14 cm.
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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
activitiesof 25 and 10 mCi, respectively.
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