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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organizations, governmental and non-governmental, in
liaison with 1SO, also take part in the work. ISO collaborates closely with the International Electrotechnical
Commission (IEC) on all matters of electrotechnical standardization.

Draft Interpational Standards adopted by the technical committees are circulated to the member badies for voting.
Publication as an International Standard requires approval by at least 75 % of the member bodiesCastipg a vote.

Internatiorjal Standard 1SO 13464 was prepared by Technical Committee ISO/TE@85, Nuclear energy,
Subcommttee 5, Nuclear fuel technology.

Annex A of this International Standard is for information only.
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Simultaneous determination of uranium and plutonium in dissolver

solutio

ns from reprocessing plants — Combined method using

K-absorption edge and X-ray fluorescence spectrometry

1 Scope

This Interpational Standard specifies a nondestructive method for the simultaneous determination
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3.1 Com

Nd plutonium concentrations in nitric acid feed solutions from reprocessing plants. The meth
without interference, to the original feed solution, which typically contains about 150 gl
nd 1gM! to 2,5 gl plutonium in the presence of fission products with a total R,y-acti

Dle

vial containing about 3 ml to 5 ml of the feed solution js,irradiated with a suitably filtered X-r
ray tube. The X-ray continuum must include X-ray €hergies up to about 150 keV, and the m
stribution should occur at an energy above 100 keV.

Lation of a highly collimated X-ray beam, crossing a well-defined pathlength of solution
with a HPGe detector below and above the K-absorption edge energy of uranium (Ex = 11!

K-edge densitometry (KED) method:determines the uranium concentration from the abrupt (
bnuation across the K-absorption €dge.

he time a second HPGe detector, viewing a larger portion of the sample, measures the inte
Ka, X-rays from uranium-and plutonium. This X-ray fluorescence (XRF) measurement dg
nent ratio. The plutonium” concentration is calculated from the measured values for

itio measurements.-Further details on the measurement principle can be found in [1].
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ion and the U/Pu ratio;~The advantage of this XRF method arises from the fact that it is totally based on

3.1.1 Advanced standard spectroscopy equipment

for high-resolution gamma spectroscopy i

ncluding two

HPGe detectors, electronics for fast pulse processing, and a computer-based multichannel analyzer for spectrum
acquisition and evaluation.

3.1.2 X-ray equipment

cooling.

with X-ray tube, high voltage power supply, operating console and a circuit for water

3.1.3 Mechanics including beam collimators, shielding materials, adjustment device for the X-ray tube, and a
system for transferring the sample into a defined position in the spectrometer.

A block diagram of the instrument components is shown in figure 1.
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X-ray|tube 7 Main amplifier

H.V. generator 8 ADC

Watef cooling 9 Ratemeter

HPG4g detecto XRF 10 Stabilizer

HPGg detector K-edge 11 MCA and PC system

H.V.

Figure 1 — Block diagram of the instrument components
Geomatric arrangement
The geometrjc arrangement (see figure 2) shall satisfy three basic requirements:
The distance D between X-ray tube and sample shall be kept as short as technically feasible (D =|6,5 cm) in

a)

b)

c)

order to achieve the highest possible flux of X-rays from the tube at the sample position (integrated flux of
X-rays with energies from 115 keV to 150 keV = 5 x 1010 photons@m2[s1).

The angle © between primary X-ray beam and collimator axis directed towards the XRF detector shall take

values © = 150° in order to shift inelastically scattered radiation out of the energy region of analysis in the XRF
spectrum.

The solid angle subtended by the collimator between sample and K-edge detector shall be limited to values
Q<104 srin order to minimize elastic scattering towards the detector.

The transfer of the sample into the spectrometer can be accomplished either horizontally by means of a suitably
designed sample conveyor system coupled to a shielded glovebox or hot cell facility (as indicated in figure 2), or

vertically through a pneumatic sample transfer system.
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The material thickness of the containment of the sample transfer system in the area of the incoming and outgoing
X-ray beams shall be properly adapted to ensure an optimum signal rate for the XRF measurement. For a
containment made of stainless steel, the window thickness, d, should be reduced to about 0,05 cm. If aluminium is
used as containment, a window thickness, d, of up 0,4 cm is acceptable.

Dimensions in centimetres

9 10 14 M 12 13
Key:
1 Actess to shielded glovebox 8 HPGe detector for KED
2 Shjelding 9 HPGe detector for XRF
3 X-fay tube, @ <5 10  Collimator (W) L = 10
4 Filter (Cd), d=0,1 11 Containment of sample transfer system
5 Collimator{w) 12 Sample conveyor
6 Filler (Re);d ~ 2 13 Shielding
7 Coflimator (W) L = 10 14 Window of containment of sample transfer system; for XRF

measurements d = 0,05 (stainless steel) or d < 0,4 (aluminium)

Figure 2 — Principle geometric arrangement.

3.3 Specifications

3.3.1 X-ray system

A 3 kW X-ray unit providing maximum ratings of 160 kV/19 mA, preferably equipped with a metal-ceramic X-ray
tube of smallest possible diameter (< 5 cm) along the radiation window section to allow a shortest possible distance
between focus and sample, thus minimizing interferences from fission products. Stability of the high-voltage supply
< 0,1 %. High-voltage and tube current continuously adjustable. Water cooling at a minimum flowrate of 4 Iin' is
required.
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3.3.2 Detectors
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True planar or pseudoplanar-type HPGe detectors in standard horizontal dipstick cryostate. Active detector area
100 mmZ2 to 200 mmZ2, depletion depth 10 mm to 13 mm. Detector coupled to an RC feedback preamplifier with an
energy rate limit of about 20 GeV[S1. Energy resolution < 0,6 keV FWHM at 122 keV at an input pulse rate of 5 X
104 counts(s1.

3.3.3 Pulse processing chain

Fast-pulse processing equipment with a typical processing time of about 5 us, ensuring throughput rates = 60 % at
input rates of 5 X 104 countsiS-1. Pulse processor equipped with an effective pulse pile-up rejection circuit.

Conventiona

NOTE Iti
and gain stab
from a suitabl

sufficient whef the source is located near the detector.

3.3.4 Data g

Advanced c

3.3.5 Sample container

cquisition system

mputer-based multichannel analyzer system providing two independent’input channels
memory access for digitized data. Memory size = 16 MB.

f1 pus.

5 recommended to include into the electronic chain of the K-edge detector a dual-point digital stabiliger for zero
lization in order to simplify the data evaluation procedure. The reference lines for stabilization-may
b radioactive source such as 1°°Cd (E = 22 keV and 88 keV). A source activity of about 0,5MBq to 1

be obtained
MBq will be

Wwith direct

Both cylindri¢al vials and rectangular cuvettes are suitable. The optimum_ inner diameter or cell length is ir] the range

of 1,5 cm to 2,5 cm. The wall thickness of the sample container should be kept as thin as possible at the

evel of the

incident X-ray beam in order to minimize the intensity of scattered radiation for the XRF measurement. Tlhe vertical

sample positlon and the filling height shall ensure a solution layer‘extending at minimum from about 0,5 ¢

0,5 cm above the level of the incident X-ray beam.

The K-edge
geometrical
measuremery
cell length. If
shall be limi
cylindrical sé
azimuthal po

Negative bias, %

0.8

0.6

m below to

easurement critically depends on the effective pathlength of solution crossed by the X-ray heam. This
parameter shall be carefully controlled,) because its uncertainty propagates directly
t result. The preferred types of samplelvial are standard spectroscopy glass cells with exa
cylindrical samples are used, the tolerances for lateral displacements relative to the X-ray
fed to meet a certain degree of‘\measurement accuracy. For guidance refer to figure
imple containers should be perfectly circular to make the measurement result independ
sition of the sample.

into the
Ctly known
beam axis
B. Further,
ent of the

Figure 3 — Effect of lateral displacements on the KED result for cylindrical samples with different inner
diameter 0;

0,4

0.2

@ 15cm /
/

i

-

W\

_é—’é

7
@ 25cm

0,02 0,04

0,06
Lateral displacement from centre position, cm

0,08

0,1


https://standardsiso.com/api/?name=35b09ebea8abce3c052cfd8164bb938d

©1SO ISO 13464:1998(E)

3.3.6 Collimators and beam filters

Collimators should be made from high-density heavy metal (for example tungsten). The aperture of the primary
collimator next to the X-ray tube shall allow the irradiation of the full sample section seen by the XRF detector (see
figure 2). Use a primary beam filter of about 0,1 cm Cd (or equivalent material) to reduce the intensity of low-energy
X-rays.

Choose the length L of the collimators in front of the K-edge and XRF detector to be =10 cm to provide sufficient
shielding against self-radiation from the feed solution. The condition Q < 104 sr for the K-edge collimator (see 3.2)
will be met with collimator hole diameters < 0,1 cm.

Adjust theftengthof the bearm fitter i the K=edge cotfimator (= 2 ¢ of Stantess Steel or equivalent, Sge figure 2) to

yield, with|a sample containing about 250 g U[l!, a total counting rate of = 2 x 104 counts8-1 in thé_K-g¢dge detector
at the nomnjinal X-ray tube rating of 150 kV/15 mA.

Adjust likgwise, under the same conditions, the collimator diameter for XRF to yield, @total counting rate of
= (3,5 to 4) x 104 countsiS1 in the XRF detector. Typical collimator diameters are about.0,25 cm.

3.4 Instriment settings

Accumulate both the K-edge and XRF spectra into two K channels.

Adjust the|amplifier gain to cover energy ranges in both spectra from zere‘up to about 170 keV, corregponding to a
conversion gain of approximately 80 eV to 85 eV per channel.

Adjust the|vertical position of the X-ray tube to yield maximum caunting rate in the K-edge detector.
Operate the X-ray tube at a high voltage of about 150 kV, and set the tube current to about 15 mA.

The actual value of the high voltage supplied to the X-ray tube shall be not exactly equal to 150 kV. Peviations of
about £ 2 kV from this value are acceptable for the voltage setting. However, once selected, the high vpltage setting
shall be Kept constant within about 0,1 % for all-measurements. The high voltage can be monitofed from the
endpoint gnergy of the X-ray continuum measured with the K-edge detector. Small changes in the tulge current will
not affect {he measurement, because both the'K-edge and XRF method are based on intensity ratio mgasurements.

4 Operdting procedure

Perform an initial instrument-calibration as described in clause 6.

Introduce py means of{he”adopted system for sample transfer the feed solution sample in its appropriate sample
container (see 3.3.5)-.into a defined measurement position in the spectrometer.

Run the Xiray tube at the adopted ratings (150 kV/10 mA to 15 mA).

Initiate the Simultaneous acquisition of spectra from the K-edge and XRF detector. Make sure that the digital
stabilizer for the K-edge electronics is properly stabilizing on the selected reference lines.

Choose the counting time according to the desired uncertainty level for repeatability. The expected standard
deviations (s) of results from repeated measurements with counting time t (t=live time, in seconds) are for

representative feed solutions (250 g UM and 2 g Pullil) as follows :

(%)= 0,25 ”@J for [U] from KED, and
s(%)=0,8 1000 for the U/Pu-ratio from XRF
t
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At the end of the spectrum acquisition, programs for spectrum evaluation (see clause 5) are run to calculate the U

and Pu concentrations.

5 Method of calculation

5.1 K-edge densitometry
5.1.1 Spectrum evaluation

Deduce fro

the sample measurement the photon transmission below and above the K-absorption edge

of uranium

at energies #. 0 E - 4 FWHM and E, O E, + 3 FWHM (E, = absorption edge energy, FWHM = energy.re

the detector neasured at 122 keV).

Determine the transmission as the ratio of background-corrected counts accumulated at the respective ¢
the K-edge spectra from the sample and from a blank nitrate solution. Estimate the backgreund in both sp

a calculated
figure 4.

smoothed transition between background levels in front and behind the X-ray*continuum as i
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Figure 4 — Typir‘al K-pdgp spectra fram a blank nitrate solution (fnp) and from a feed solution (hn'rtnm)

NOTE

A proven method for the determination of the transmission values T(E_) and T(E,) is based on linear least-squares

fits of the form In In 1/T(E) versus In E in fitting intervals covering energy ranges of about 5 keV to 6 keV below and about 2,5
keV above the edge, with the window limits next to the edge set at E_ and E, (see figure 4). The interval above the edge should
exclude the K-absorption edge of plutonium at 121,8 keV. This method of analysis also allows determination of the change of
the transmission across the K-edge directly at the absorption edge energy E, by extrapolating the linear fits on both sides to

the edge.
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5.1.2 Expression of results

Calculate the uranium concentration from the relation

where

[U]= L A gy ) 50
Ak AR T(E,)

[U] is the uranium concentration, in g1,

T

5.2 X-Ra
5.2.1 Spe

Determing
U KBL3 u
Pu Kas lin
Ka, line.

Subtract fi
windows H

NOTE
contributior]
products in
remaining

spectra tak

Correct th
for contrib

Evaluate t

is the effective pathlength of the sample vial, in cm,

uranium at the respective energies (to be determined from a calibration),

is the atomic mass of uranium in the sample (S) and in the reference solutions
calibration,

is the photon transmission measured at E_ and E,.

y fluorescence measurement
ctrum evaluation

from the XRF spectrum the net peak counts for the X-rays U Kay, U Koy, Pu Koy Pu Kay,
5ing peak and background window settings as indicated in figure 5. Note that the net peak
2, which is not resolved from the U Ka line, are best determined relative to the net peak col

Fst the number of counts due to the-sample self-radiation from the integrated counts in the s
1 — Ps, and in the background windows By — Bg.

The correction for self-radiation)is best accomplished by measuring a separate passive spectrum.
s from self-radiation can also be estimated from the actual XRF spectrum. Use the fraction of countg
the background window/Bj (0125 keV to 131 keV) as reference and put the contribution of the self-
bnergy windows in propgortion to these counts. The necessary relations can be established from
bn from representativesfeed solutions, and from XRF spectra taken from samples without fission prody

b UKo peak®eounts for contributions from the Pu Kas line, and the counts in the backgrour
itions frormmthe Am Kas, line.

he Net peak counts by using the following windows for background assessment: B — B fq

| is the difference u(E,;) — W(E.) of the total photon mass attenuation coefficient (in cm2[g@l) of

(R) used for

Am Ka,, and
counts of the
nts of the Pu

elected peak

However, the
due to fission
pdiation to the
some passive
cts.

d window B>

r U Ka, and

U O, BZ_

Bador PuKo. Bafor Am Ko. _and Ba—B,forlJ KR, o
o =0 7 o 7 5o

Establish the relative detection efficiency for the X-ray energies of U Ka1 and Pu Ka; from the evaluated net peak
counts of U Kay, U Kaj and U K3 3 together with their known relative emission rates.

5.2.2 Expression of results

Calculate the U/Pu mass ratio from the expression

U _ AU) P(UKay) ORE Puk) 1
Pu A(PY P(PuKo;) ORE(UKxr;) R
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Feed solution
250 g U/I
UK oq 1,9 g Pu/l
UK/313

7\ UK/3 2.4

B3
1 | | | |
1200 1300 1400 1500 1600 Channel
Figure 5 — Proposed window settings in the XRF spectrum for het peak count evaluation
where
A is the atomic mass for uranium and plutonium, respectively,
P is the number of net peak counts inthe Kaq X-rays,

ORH s the overall relative detection efficiency for the Ko, X-rays,

R is the calibration factor describing the ratio of excitation probabilities for emission of U Kaj and Pu
Kaq X-rays in the primary X-ray beam.

Calculate from the uranium copcentration [U] measured by K-edge densitometry, and from the U/Pu ratiolmeasured
by XRF, the plutonium concentration [Pu] in grams per litre as

[P =[]

6 Calibration

6.1 Reference solutions

The calibration requires three types of solution:

a) a blank nitrate solution with a nitrate concentration similar to that of the feed solution (J2 moldil to 3 moldi1).

b) a set of three to four synthetic U-Pu nitrate solutions simulating the sample characteristics of feed solutions with
respect to uranium concentration (0100 g to 300 glil), U/Pu-ratio (0100 to 150), and nitrate concentration
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(02 molM?! to 3 mollil). The samples shall be characterized for the volumetric concentrations of U, Pu and Am,
and for the atomic masses of U and Pu.

c) a set of two to three representative feed solutions with typical values for the uranium concentration and the
13, y-activity from fission products. These solutions do not need to be specifically characterized.

6.2 Calibration measurements

Measure with the K-edge detector a reference spectrum from a blank nitrate solution. Accumulate > 106
counts/channel in the energy interval between 110 keV and 120 keV (counting time 02 h to 3 h). Reduce the tube
current to pbout 5 mA for this measurement. Save the reference spectrum, because it is needed forall subsequent
evaluationg of K-edge spectra.

Acquire s|multaneous K-edge and XRF spectra from the synthetic U-Pu reference solutions under the same
measuremnlent conditions as used for feed solutions. Perform several repeat measurements on ea¢h sample to
reduce thg uncertainty for the calibration factors to be determined.

NOTE The expected relative standard uncertainty of the calibration factor assogiated with counting statistics is
approximatgly estimated to s (%) 00,2 t)V/? for KED, and to s (%) D,6[E t)Y2 far-XRF, where X ¢ is the sum of the
counting times (in hours) for all measurements on the reference solutions.

Switch offl the X-ray tube and acquire with the XRF detector passive.§pectra of the self-radiation ffom the feed
solution sgmples. Choose a counting time of about 1 h for each sample:
6.3 Evalpation of calibration factors

6.3.1 K-efge densitometry

Determing from the individual calibration runs the calibration factors

1 Tk (E-)

Fik 0] 56 T (B

where the|index k denotes the number of the repeat measurement on the reference solution j with known uranium
concentration [U]; (for other notations see 5.1.2).

Calculate from the individual-Api,k-values a weighted mean value as final calibration factor Au. The |obtained Ap-
values shquld be in close-agreement with the theoretical value derived from tabulations of photon crosg-sections.

EXAMPLE:| for transmission energies E- = 113,2 keV and E+ = 117,2 keV, one expects a value of Ay = 3,30 = 0,03 cm?2gL.

If the pathlength x is not accurately known, determine as calibration factor the product of Au/X.

6.3.2 X-ray fluorescence

Determine from the quantities evaluated from the individual XRF spectra and from the reference values the
calibration factors

Ut A) _Rx(UKay) ORE(Puk)
k= QPTE “A(PU Ry (PUKay) ORE(UKay)

where k denotes the number of the repeat measurement on the reference solution / with known U/Pu mass ratio
(U/Pu); (for other notations see 5.2.2).
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The values Rjj will slightly decrease with increasing concentration of U and Pu. This dependence can be

reasonably a

pproximated by a linear relationship of the form

Ri,k = R) E(1+G[U]i)

Determine the coefficients Ry and a from a linear least-squares fit.

NOTE 1

The coefficient a, describing the dependence of the calibration, R, on the uranium concentration can also be

calculated from physical data, taking into account the attenuation of the incoming X-ray beam in the sample and its
photoelectric interactions with U and Pu, and the attenuation of the outgoing Ka, X-rays.

NOTE 2 Alt
them for the u
clause with th

used for the 4
figure 5) yields

where

(for notations
reference soll
parameter frof

Determine fr
(125 keV to 1

Establish fra
(i=1...,5).

The informatjon obtained from the two preceding steps are required if the user wants to correct the XH

from feed so

7 Bias cor

brnatively, it is also possible to form for the evaluation of calibration factors a set of linear equations;_g
hknowns by a multiple linear regression analysis. For example, combining the two equations given-al
p relation

PuKay = B3 - ki{ B + By)

valuation of the net peak counts PuKal from the total counts P3, B2 and B3 in the respective wi
the following linear calibration :

YUKa1 = RyORB- KDIRA(- B+ B

v - AU) Pu ORE(*RPuka 1)

“A(PY U  OREUKa;) o (~a L)

see 5.2.2). The set of calibration equations-thus formed with data from the calibration measu
tions with different U/Pu ratios is solvedfor the unknowns Ry and kiRjy. The coefficient, a, is tak
h the separate X-ray beam attenuation.caleulations, carried out for the given geometry.

bm the XRF spectra a functional relationship between the total counts in the background
31 keV, see figure 5) and the)uranium concentration.

m the passive spectfa)average values for the ratios of total counts Bg/Bj (i=1..., 4)

utions for self-radiation without measuring a separate passive spectrum for each sample (se

rection factors

ind to solve
bove in this

hdows (see

ements on
BN as input

vindow 85

and Bs/P;

RF spectra
p 5.2.1).

7.1 Uranium concentration

The difference in chemical composition between the actual feed solution sample and the synthetic U-Pu reference
solutions used for calibration will lead to a small bias for the uranium concentration determined from the K-edge
measurement.

The bias introduced by any matrix element M can be calculated from physical data by

Bias(%) = i“—

10

M ACw

Cu

(100
Hy
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