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Summary

The IAEA Nuclear Data Section had been charged by the International Nuclear Data
Committee to consider the establishment of a Coordinated Research Project (CRP) to update the
IAEA database of X- and y-ray Standards for Detector Calibration. This CRP should re-define
the radionuclides most suited for detector calibration, extending applications to safeguards,
materials analysis, environmental monitoring, and medical uses. Hence, a Consultants' Meeting
was arranged to assess the current needs, redefine the most suitable radionuclides, and advise the
IAEA Nuclear Data Section on the need and form of such a CRP.
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IAEA Consultants' Meeting on
"Preparation of the Proposal for a Coordinated Research Project to

Update X- and y-ray Decay Data Standards for Detector Calibration"

IAEA Headquarters, Vienna, Austria
24-25 November 1997

Introduction

The primary objective of the Consultants' Meeting on X- and y-ray Decay Data Standards
for Detector Calibration is to advise the IAEA Nuclear Data Section on the need and scope for
a Coordinated Research Programme in this area (see appendix for list of attendees). Since the
publication of IAEA-TECDOC-619 [1] in September 1991, a significant number of
measurements have been published of direct relevance to the formulation of the decay database
for the original 39 radionuclides; such measurements alone justify re-visits to the decay data of
specific radionuclides within IAEA-TECDOC-619.

After extensive debate, the Consultants' Meeting broadened the radionuclide listing to
encompass additional user applications beyond that of reference standards for y-ray spectroscopy
to y-ray calibrants for environmental monitoring, safeguards, medical applications and materials
analysis. Thus a list of 67/68 radionuclides (see Table 1) evolved for inclusion in a rejuvenated
IAEA database from a combination of IAEA-TECDOC-619 [1], NPL Report RSA(EXT)53 [2],
and an on-going international evaluation programme (involving LPRI, PTB, INEL and others),
see Table 2. It should be noted that I61Tb, 169Yb and170 Tm are included primarily as X-ray
calibrants for diffraction spectrometry. While safeguards activities need to be accommodated
when appropriate (e.g. 166mHo decay data), transactinide decay data would be best addressed in
a separate CRP which is currently in the early planning stage (for example, 233Pa, 235U, 237Np and
239Pu, and U and Pu X-rays are better identified with a CRP on Transactinide Decay Data,
planned to commence in 1999).

Radionuclides

Table 1 is judged to represent a comprehensive list of radionuclides for calibration
purposes that should be considered as a suitable starting point by the proposed CRP to update
X- and y-ray Standards for Detector Calibration. Decay data to be recommended include
half-lives, and X-ray and y-ray emission probabilities; X-ray energies should be based on sound
theoretical considerations, while y-ray energies should be adopted from the most recent study
of energy standards by Helmer and van der Leun. The consultants stress that the relevant decay
data for a significant number of these radionuclides are currently being re-evaluated in a
combined, international exercise led by the International Committee for Radionuclide Metrology
(ICRM), coordinated by R.G. Helmer. These studies are indicated in Table 2, and should be
taken into account by the IAEA-NDS CRP exercise.
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X-ray Standards

Recommendations:

1. K X-ray data: Separate entries are recommended for K^,, K^, Kpi', Kp2' transitions (primed
values denote weighted averages for composite lines).

2. L X-ray data: Separate entries should be included for lines resolvable with state-of-the-art
semiconductor detectors. A further option in a few selected cases of heavy elements would
be to include separate entries for lines resolvable with diffraction spectrometers.

3. Summary tables: X-ray energies and emission probabilities for nuclides ordered according
to Z and A.

4. Auxiliary tables: Fluorescence yields: A: K shell, B: L sub-shells (including the
Coster-Kronig yields).

5. Auxiliary table: Recommended high-precision y-ray data for energy and efficiency
calibration in the X-ray region.

Internal Conversion Coefficients

The following procedure is recommended for the determination of internal-conversion
coefficients. If an evaluation of the measured values results in a value with an uncertainty of less
than 3%, it is recommended that the measured value be used. If this is not the case, it is
recommended that the values interpolated from the table of Rosel et al. [3] be used for the range
of atomic number for which they exist.

It is further recommended that, if possible, the CRP make available to all participants an
interpolation routine and data file to undertake these calculations so that they are done
consistently. This data file should be extended to low atomic numbers by including the Band
values (this may require a Z-interpolation scheme).

The internal pair formation coefficients can be interpolated from the tables of Schluter and
Soff [4].

Higher y-ray Energies

The Consultants' Meeting recommends that the new CRP extend the range covered by the
evaluated data in IAEA-TECDOC-619 to higher energies. As a start in this direction, evaluations
should be undertaken for the several nuclides that were collated in TECDOC-619, but not
evaluated. These include the decay of 66Ga (9.5h) with lines up to 4.2 or 4.8 MeV, and the
thermal neutron capture reactions l4N(n,v)15N with lines up to 10.8 MeV and 35Cl(n,y)36Cl with
lines up to 8.6 MeV. There are also a number of resonant proton capture reactions listed in
TECDOC-619 which populate levels that decay via a small number of rays whose relative
emission probabilities are well known (and usually near 1.0), with energies up to 10.8 and
13.9 MeV.
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Furthermore, it is recommended that the CRP investigates other options for providing energy
and intensity calibration lines from 10 to 25 MeV. An example is the I2C(p,p')12C reaction with
20 MeV protons, which gives a well separated line of 15.1 MeV at ~ 8 mb cross-section. The
same emission can be produced in a number of other reactions (e.g., pick-up or radiative capture).
If this transition is used for the detector efficiency calibration, the intensity of the source needs
to be known, along with the beam intensity and reaction cross-sections. The CRP should
investigate the feasibility of recommending data of this kind for a series of similar reactions,
especially those with low Z involving easy-to-make targets.

Additional requirements for such recommendations should be: availability of beams; good
separation of lines (useful for calibration of detectors with low intrinsic resolution, e.g.,
scintillation detectors); reactions with relatively large cross-sections and/or producing low
background of other radiation.

Finally, it is recommended that the low-energy, cc-induced reactions, typically used in
neutron sources of the Po-Be type, are examined from the point of view of obtaining intensity
calibrated sources of the 4.439 MeV y-line from 12C.

Covariances

The results of a decay-data evaluation for a single radionuclide are always correlated.
Ideally, a complete statement of uncertainty should include the associated covariances in addition
to the individual standard uncertainties (covariances are generally represented by square matrices
in which the variances form the diagonals). Applications exist in which a reliable statement of
uncertainty requires knowledge of the covariance matrix of the decay data, e.g., calculation of
dose rate constants. Thus, the importance of covariances in decay-data evaluation projects needs
to be recognized.

However, very few direct assessments can be found in the literature of covariance
correlations associated to experimental decay data. Furthermore, it is impossible for an evaluator
to derive an estimate of covariances from a significant fraction of the published data. Unless new
measurements are performed, we are faced with the situation that the uncertainty statements in
decay-data evaluations are incomplete, mainly due to a lack of information in the input data.

The Consultants' Meeting recommends that the new CRP investigate the feasibility of
including covariances in the evaluation procedure. For this purpose, a limited number of
radionuclides should be initially evaluated in this manner, e.g., 51Cr with a relatively simple
decay scheme, and 75Se with a moderately complex decay scheme.

It is recommended that, on the basis of the results of these selected evaluations, rules are
established which enable the evaluators to estimate input covariances from the published decay
data. Whenever possible, covariance analyses of the evaluated decay data should be undertaken
and recorded in the new IAEA database.
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Evaluation Methodology

Statistical standard methods should be adopted in the evaluation procedure. A suitable
procedure was developed and adopted for the previous CRP which worked well. Therefore, it
is strongly recommended that this simple methodology be adopted for the full range of
evaluations in this CRP:

The recommended value should consist of the weighted average of the published values in which
the weights are taken to be the inverse of the squares of the overall uncertainties. A set of data
is self-consistent if the reduced-/2 value is approximately 1.0. When the data in a set are
inconsistent and there are three or more values, the method of limitation of the relative weight
is recommended. The sum of the individual weights is computed; if any weight contributes over
50% of the total, the corresponding uncertainty is increased so that the contribution of the value
to the sum of the weights is less than 50%. The weighted average is then recalculated and used
if the reduced-/2 value for this average is less than 2. If the reduced-/2 is greater than 2, the
weighted or unweighted mean is chosen according to whether or not the 1 sigma uncertainty on
each mean value includes the other term. The basis of the choice is that it may be unreasonable
to use the weighted average if the data do not comprise a consistent set. This methodology will
be initially adopted for all of the decay-data evaluations, while an additional study should be
made to attempt to evolve covariance matrices to achieve comprehensive uncertainty analyses
for specific nuclides. Standard deviations and correlations (for variances and covariances) should
be explicitly indicated. When inconsistent data arise, the adopted methodology and the original
data should be explicitly described.

Membership of CRP

Membership of the new CRP should be strongly based on the leading standards laboratories
(e.g., National Institute of Standards and Technology (NIST), National Physical Laboratory
(NPL), Laboratoire Primaire des Rayonnements Ionisants (LPRI), and Physikalische und
Technische Bundesanstalt (PTB)), coupled with the contributors to the on-going ICRM-based
exercise which is coordinated by R. G. Helmer. The relevance of the latter work programme is
extremely important in achieving the goals of the CRP in a sensible timeframe. Expertise in
high-energy y-ray emissions (1 or 2) and covariance analysis (1) also need to be accommodated
in this membership. Consideration also needs to be urgently given to any measurements that
need to be undertaken under the auspices of this CRP to resolve particular decay-data issues.

Conclusions

The Consultants' Meeting recommends the establishment of a 3-4 years Coordinated
Research Project to update the X- and y-ray data for the radionuclides listed in Table 1. The
CRP members should consider the evaluation exercise as an extension of an on-going
commitment involving various ICRM member laboratories (e.g., LPRI, PTB, INEL, LBL and
others).
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Table 1: X-ray and Gamma-ray Standards-Nuclides of Primary Interest
(25 November 1997)

Nuclide

7Be
22Na
24Na
4 0 K

46Sc
44T i

51Cr
54Mn
56Mn
55Fe
59Fe
56Co

"Co
58Co
60Co
MCu
65Zn
66Ga
67Ga
68Ga
75Se
85Kr
85Sr
88y

93mNb

94Nb
95Nb
99Mo
99mTc

103Ru
' 06 R u .

106Rh

X-or
Y-ray

standard

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Dosimetry
standard

Medical
applications

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Environmental
monitoring

X

X

X

X

X

X

X

X

X

X

X

Waste
management

X

X

X

X

X

Safeguards

X

X
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Nuclide

109Cd
11'In
U 3Sn
125Sb
123J

124T

.25j

129J

I31I
134Cs
137Cs
1 3 3Ba
139Ce
141Ce
144Ce
I53Sm
152Eu
154Eu
I55Eu
i6iTb

166mHo
1 7 0Tm
169Yb

192Ir

195Au
198Au
2 O 3 H g

201 y j

207Bi

2 2 6Ra
228T h

234mpa

239Np
241Am
243 Am

X-or
Y-ray

standard

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Dosimetry
standard

X

X

X

X

X

Medical
applications

X

X

X

X

X

X

X

X

X

X

X

Environmental
monitoring

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Waste
management

X

X

X

X

X

X

X

X

X

Safeguards

X

X

X

x (234Pa)

X
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Table 2: Current Nuclide Evaluation Activities
(25 November 1997)

X

X
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Nuclide

124T

12SJ

129j

.3.J

134Cs
137Cs
133Ba
139Ce
l 4 lCe
144Ce
153Sm
152Eu
154Eu
155Eu
I61Tb

166mHo

170Tm
169Yb
. 92 I r

195Au
198Au
2 0 3 H g

201T1

207Bj

2 2 6Ra
228T h

234mpa

239Np
241 Am
243 A m

LPRI/PTB

X

X

X

INEL/LB

X

X

X

CHECHEV In Progress

X

X

X

X

X

X

Available
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Attachment

Meeting Agenda

Monday. November 24

09:30 Opening of the meeting
Welcome address of the NDS Head
Round table self-introduction of the participants

- Election of Chairperson
Discussion of Agenda and its adoption

- History of the preceding Project (IAEA-TECDOC-619), R.G. Helmer

10:00 Session 1: General scope of the CRP
- Identification of needs and applications
- Safeguards' needs for calibration standards, T. Dragnev

11:00 Session 2: Update and extensions of the TECDOC-619 data base
Discussion of TECDOC-619 data and new experimental information
(proposed updates of the current data base)

12:30 Lunch break

14:00 Session 2: Update and extensions of the TECDOC-619 data base (cont.)
Candidates for new radionuclide standards
Extension to high y-ray energies
Covariances

Tuesday. November 25

9:00 Session 3: Preparation of the CRP proposal

12:30 Lunch break

14:00 Session 3: Preparation of the CRP proposal (cont.)
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Attachment 3

Safeguards' Needs for Calibration Standards

T. Dragnev
IAEA expert on y- and X-ray safeguards measurements

Introduction

Special Nuclear Material Safeguards aims in quantitative determination of Nuclear
Material content. The y- and X-ray spectrometry, Neutron and Neutron Coincidence
Measurements (for non-destructive measurements), and Alpha Spectrometry (for destructive
measurements) are widely used for this purpose. For all of these methods suitable standards are
extremely important. This is why there were several special safeguards meeting on Standards
and Calibration of Non-Destructive Nuclear Material Measurements.

The main specificity of the nondestructive Nuclear Material measurements is a large size
of the measured samples or items (e.g. fuel elements), which causes a very strong attenuation of
the y- and X-rays in the measured material. The determination of this attenuation is, therefore,
of primary importance for the measurements of Nuclear Material quantities. This is why, at the
beginning of Nuclear Material safeguards activity, it was supposed that the only solution to the
problem is to use Certified Reference Materials or Items (CRM), which are both chemically and
physically similar to the samples being measured. This is reflected in the most authoritative
documents for calibrating non destructive analysis systems (e.g. ANSI N15.20-1975). Such
CRM's were used for determination of the detector response per unit activity (efficiency). Since
then, however, improved methods have been developed for determination of the y- and X-ray
attenuation in the measured material. The new methods rely strongly on the accurate calibration
of the detectors. Therefore, nowadays safeguards needs even more accurate and reliable y- and
X-ray standards for detector calibration.

Another, very important, feature of safeguards' measurements is the requirement of very
high accuracy, which demands high quality calibration standards.

Until recently, only Nuclear Materials (U, Pu, and their fission products) had to be
measured. Presently, the range of elements and isotopes measured by safeguards is extended
onto those which eventually might be connected with the production of nuclear weapons.

Some Safeguards Solutions to Calibration Problems

The determination of the attenuation of y- and X-ray intensities by the measured sample
is probably the most difficult part of y-spectrometric measurement of Nuclear Material. If the
suitable Certified Reference Materials (the same chemical and physical properties) are available
the task is simple. However, soon it became clear that it is difficult, very expensive, and
practically hopeless to provide Certified Reference Materials for all possible cases. A need for
alternative solutions to the calibration problem became evident.
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The specific y- and X-ray measurement techniques used in safeguards are discussed
below.

Enrichment-type Measurements

The eldest Nuclear Material safeguards technique is the Enrichment-Meter measurement
of U. It was established that for the so called "quasi infinitely" thick samples (about 6 g/cm2 of
U material in the direction of the measured y-rays) with the same U concentration, the intensities
of 235U y-lines are exactly proportional to the 235U/U ratio (235U enrichment). So the most
intensive 185.7 keV line is used directly for determination of the 235U enrichment. This method
was developed (and published) independently by Los Alamos National Laboratory (USA) and
IAEA. Shortly, the first safeguards specific primary standards have been prepared. Many sets
of U3O8 Certified Reference Materials with different 235U enrichments have been produced and
widely used. Later this technique was generalized for Pu and MOX isotopic abundance
measurements and similar sets of PuO2 samples have been prepared.

Very accurate 235U enrichment measurements (0.1-0.2 %) can be (and have been) done
using this method.

Intrinsic Calibration Measurements

The overall energy dependence of the relative detection efficiency of y-rays (including
attenuation of y- and X-rays in the measured material, attenuation by all possible absorbers
between measured material and the detector, and the detector's efficiency itself) is determined
by comparing measured ratios of y-ray intensities against known ratios of the respective decay
probabilities (nuclear data). At the beginning the second or third order polynomials (in log-log
scale) were fitted to the measured points. Presently, physically sound functions are used for
fitting, with much better results. Then, two close in energy peaks are usually used for
determination of isotopic abundance ratio in the measured sample. After all isotopic ratios are
known the absolute isotopic abundances are also determined.

This technique is quite successful and it is widely used in safeguards practice. Certified
Reference Materials are required for these type of measurements. On the other hand, this method
requires an accurate knowledge of the spectroscopic decay data.

Gamma / X-ray and Weighing Measurements

Mass Fractions (MF) of nuclear elements (U, Pu, Th) are basic parameters in the
accountancy of Nuclear Materials. Knowledge of the weight (W) and MF are sufficient to
determine the amount of the Nuclear Material in a sample. However, until recently there were
no Passive Non-Destructive Techniques to measure directly the MF's of nuclear elements. It was
believed, that there are no suitable, nondestructive analysis signatures to allow the measurement
ofMF.
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During recent years, three new y- and X-ray spectrometric methods have been developed,
which (alone or combined with a simple weighing) have significantly increased the possibilities
of y-spectrometry in measurement of Nuclear Material quantities [6]. All three independent
determinations are applied to a single measurement and are known under a common name of
"Gamma-/X-ray and Weighing (GXW) Method". These are the following:

Passive X-ray Fluorescent Measurements (PXRF) [1,2],
Passive Differential Gamma Absorption Measurements (PDGA) [3,4],
Isotopic Abundance and Mass Fraction Measurements (IAMF) [5].

Three different physical phenomena are used simultaneously for determination of Nuclear
Material concentrations:

- The pronounce emission of y-lines characteristic for the measured nuclear material. Their
intensities are strongly related to the nuclear material mass fractions in the measured sample;

- The pronounce emission of fluorescent X-rays due to self-excitations of Nuclear Material
atoms by Nuclear Material radiation [1,2];

- The self-attenuation of y-rays by the Nuclear Material. The self-attenuation depends strongly
on the chemical composition of the material. Different energy y-rays are attenuated
differently and thus the intensities of y-rays at the surface of the measured material carry
information about Nuclear Material MF [3,4, 5, 6, 7].

Passive X-ray Fluorescent Measurements

Nuclear Materials are radioactive and large in size. The emitted radiation when passing
through Nuclear Material excites X-ray fluorescence. The intensities of the characteristic X-rays
are strongly related to the concentration of the respective elements in the measured sample.

The intrinsically calibrated and normalized ratio of intensity of passively excited
fluorescent X-rays (98.44 keV in case of U, 99.53 keV in case of Pu) to some suitable normalized
intensity of y-rays is used as a measure of Mass Fraction of the Nuclear Material element [1,2].

Passive Differential y-Absorption Measurements

The intensity ratio of two y-rays of the same isotope having significantly different mass
attenuation coefficients is used as a measure of Nuclear Material element MF [3, 11]. Several
pairs of y-rays can be used in order to cover wide range of MF and samples. The 102.96 and
59.54 keV y-rays (241Am) are very suitable for determination of the Pu MF in liquid Pu samples.
The ratio of 185.7 to 143.8 keV y-rays (235U) is used for U MF measurements in liquid U
samples. It is well known, that the relative measurements are much easier than the absolute ones.
In addition, if the intensity of lines is sufficiently high a very precise measurement can be
performed in a relatively short time.

The Isotopic Abundance and Mass Fraction Measurements

This method is a generalization of the "enrichment-meter" method. It offers the
possibility to determine the Mass Fraction of the corresponding Nuclear Material element - U,
Pu, or both.
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The method is based on the fact that the intensity of a given y-line depends not only on
the isotopic abundance of the corresponding isotope, but also on the Mass Fraction of the
corresponding Nuclear Material element. Using this dependence it is possible to determine the
MF and, in some cases, the thickness of the sample. If the intensity of only one line is used then
only one of the values can be determined. However, if two or more lines can be analyzed both
MF and isotopic abundance of the corresponding element can be determined from the same
measurement.

Because U and particularly Pu have several intensive lines the MF can be determined
independently several times and statistical average of them can be used. When the isotopic
composition is determined by the same measurement the error in determination of the isotopic
abundance should be added to the error of MF determination. The best way to avoid this
problem is to use the intensity ratio of two lines from the same isotope for determination of MF.
In this case the dependence on the isotopic abundance cancels. When the thickness of the sample
is determined by weighing, then the ratio depends on MF and can be determined. Well resolved
and intensive y-lines are available in many cases which makes MF measurements quite precise.

Safeguards' Needs for Calibration Standards

There were serious discussions on safeguards needs for nuclear data. The first
"Handbook of Nuclear Data for Safeguards" [8] prepared by M. Lammer and O. Schwerer was
issued in 1991. The second edition of the Handbook [9] was published in December 1997.
These documents contain most of the nuclear data required by safeguards. However, newly
developed techniques require in addition:

1. spectroscopic data up to 1100 keV for nuclear material isotopes 234Pa, 234mPa, 238Pu, 239Pu,
240Pu, and 241Am,

2. attenuation coefficients for y-rays, particularly in Nuclear Materials and some other
attenuating materials (e.g. containers),

3. U and Pu KX-ray fluorescent excitation by Nuclear Material y-rays,
4. decay data for 166mHo, 152Eu, "Co, and 60Co and other sources used for detector calibration,

This database should be updated whenever new data become available. Due to the
necessity of updating safeguards needs a small, well prepared, Agency meeting between
safeguards users (responsible for non-destructive measurements), and Nuclear Data Section
would be very useful.
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