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Abstract. 

Pragmatic rather than physical correction factors for neutron and gamma-ray shielding were studied for 
samples of intermediate size, i.e. up to the 10-100 gram range. It was found that for most biological and 
geological materials, the neutron self-shielding is less than 5 % and the gamma-ray self-attenuation can easily be 
estimated. A trueness control material of 1 kg size was made based on use of left-overs of materials, used in 
laboratory intercomparisons. A design study for a large sample pool-side facility, handling plate-type volumes, 
had to be stopped because of a reduction in human resources, available for this CRP. The large sample NAA 
facilities were made available to guest scientists from Greece and Brazil. The laboratory for neutron activation 
analysis participated in the world’s first laboratory intercomparison utilizing large samples. 
 
1. INTRODUCTION 
 
Difficulties with the preparation of test portions in the order of 500 mg or less –the typical 
size in common neutron activation analysis (NAA)- representative for the laboratory sample, 
is one of the niches of large sample NAA. Though it has been demonstrated that the technique 
can be applied to samples with masses in the kilogram range, a mass of 10-100 g may often 
be already sufficient to compensate for the homogenization problems as may be derived 
experimentally from orientating analysis in replicate and derivation of the sampling constant. 
In addition, there may be interest for analysing bulky matrices of relatively low density (such 
as e.g. tree leaves), and a relatively large volume may render masses of only a few hundred of 
grams. In the conventional large sample NAA procedure in Delft, the neutron self-shielding 
correction is derived from the neutron flux depression outside the sample; the gamma-ray 
self—shielding is estimated after measuring the attenuation of gamma-rays emitted by an 
external sources. These approaches are not easily applicable for sample masses in the 10-100 
g range, since the neutron flux depression will be too low to be measured, whereas the same 
applies to the reduction of the gamma-ray transmission. It is expected that in this range of 
sample mass sizes, corrections for the neutron self-shielding may be just at the edge of being 
significant. This calls for pragmatic rather than physically pure correction methods for 
neutron self-absorption, gamma-ray self-attenuation and volumetric efficiency correction. In 
addition, new pool-side irradiation facilities will be needed to apply such a type of large 
sample NAA. 
 
Another aspects of large sample analysis lies with the demonstration of the degree of trueness, 
and demonstration of the quality of all correction methods mentioned in the above. 
 
Quality control in neutron activation analysis is based on the analysis of a material with 
known property values, preferably by simultaneous processing with the normal samples to be 
analysed. (Certified) reference materials are an option for this. Quality assurance aims at the 
minimization of the occurrence of systematic errors. Method validation is part of quality 
assurance as knowledge of the validation performance indicators defines the borders within 
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the technique can be performed to satisfy the intended purpose. Certified reference materials 
specifically serve method validation because of their known property values. 
 
The fundamental problems of quality control in large sample neutron activation analysis 
(LSNAA) have been outlined before [1]: (i) Well characterized control samples available of 
the size of large sample (several grams to kilograms) are either very expensive in 
consumption or not available at all and (ii) Large sample analysis may be required because of 
the heterogeneity of the object, which cannot be simulated by a control sample even if it 
would be available. Alternative approaches have therefore been suggested [1] to monitor the 
occurrence of systematic errors during the analysis procedure. 
 
Quality control materials (“trueness control materials’) of siliceous composition, reflecting 
typical geological or pottery-type samples, but with known property values of the chemical 
elements are therefore urgently needed at various degrees of macroscopic inhomogeneity and 
at sizes between 100 g and several kilograms. 
 
2. BACKGROUND 
 
Large sample neutron activation analysis at a research reactor was introduced in our 
laboratory in the early 1990s [2]. Large sample analysis was envisioned as a solution for cases 
in which analysis of materials was hampered by obtaining a representative small test portion, 
e.g. because of difficulties in homogenization, because sub-sampling would not be possible or 
allowed, or when then inhomogeneity as such would be the object of study. The facilities 
were intended therefore to serve analysis of large quantities of sediment like underwater drill 
cores and/or materials from waste recycling. Minimum sample masses of 1 kg, but merely 
more often in the order of 10 kg or more were planned for; as such a relatively low thermal 
neutron flux would be appropriate. The large sample irradiation facility at the Hoger 
Onderwijs Reactor of the Reactor Institute in Delft therefore operates at a thermal neutron 
flux of 3.108 cm-2s-1 with a thermal over non-thermal flux ratio of > 3000 and can serve 
sample masses up to 50 kg and dimensions of 15 cm diameter and 100 cm of length. During 
the development of reactor-based large sample NAA, the physics of the neutron self-
absorption, the impact of the voluminous source size and gamma-ray self-shielding were all 
evaluated on basis of the underlying physical principles of these phenomena. 
 
However, whereas the neutron flux of 3.108 cm-2s-1 is adequate for analysis of samples with 
masses of 1 kg or more, it is too low for analysing samples with masses < 1 kg.  
 
3. OVERVIEW OF RESEARCH WORK 
 
The workplan for the period of this CRP consisted of the following packages: 
(i) Assessment of the relationship between pragmatic correction methods for neutron and 

gamma-ray self-attenuation and volumetric counting efficiency, and degree of trueness 
of the results.  
Development of trueness control materials. 

(ii) Evaluation of the feasibility of a simple, low-cost dedicated pool-side facility, without 
the necessity of far-reaching modifications of the reactor, thermal column or neutron 
beams. The facility should serve analysis of samples with masses up to 100 g and 
dimensions up to 5 cm diameter and 10 cm length, with feasibility of short-half-life 
measurements (transfer time < 5 s). 

(iii) Providing access for other researchers with this CRP to the existing large sample 
facilities for kilogram-size samples at the Reactor Institute Delft. This will serve the 
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inter-validation of various correction algorithms for neutron and gamma-ray self-
attenuation, volumetric efficiency correction and element calibration. 

The outcome of this research is expected to provide insight in the applicability of intermediate 
large sample analysis, e.g. for the use in studies with coins, pottery fragments, entire minerals 
and intact gem-stones; for studies for assessment of the quality of animal food and for studies 
related to human health (such as human (infant & elderly population) excreta in diapers). 
 
4. RESEARCH RESULTS AND ACHIEVEMENTS 
 
4.1. PRAGMATIC CORRECTION METHODS 
 
4.1.1. An evaluation was made for the overall correction factors for cylindrical samples 
with different low Z matrices up to 10 grams 
 
This workpackage was partly carried out in close communication with Dr. Rajmund Gwodz 
from Denmark. The composite neutron absorption cross sections have been calculated on 
basis of the compositional information of several biological and geological reference 
materials. First order estimation of the neutron self-shielding using the equations of Zweifel 
et.al., [3] indicated that the neutron self-shielding correction in cylindrical samples of such 
materials with dimensions up to 100 cm3 is often less than 5 %. 
 
Many environmental, biological and geological materials have an average low atomic number 
(varying from Zeff = 8 – 13). For gamma-ray energies > 100 keV, Compton scattering is the 
most important phenomenon, which is almost independent of Z (and thus of composition of 
the sample). The effective mass attenuation coefficient depends on the sample density only. A 
first order indication of the gamma-ray self-attenuation for the energy range > 100 keV for 
low Z materials shows that / ~ 2. 10-1 – 10-1

 
g.cm-2

 
for the range 100 keV-1 MeV. Estimates 

for gamma-ray self-attenuation can thus be obtained as a function of sample thickness and 
effective density; the latter can be derived from tabulations [4]. 
 
Commercial software is nowadays available for estimating the voluminous efficiency of 
sources of well-defined geometry [5, 6, 7]. 

 
As such, large sample NAA for sizes up to 100 cm3 can be carried out without complicated 
corrections. The only restriction lies in the degree of neutron flux self-thermalization if the 
material contains large amounts of hydrogen, and the compensation for the neutron flux 
gradient over the diameter of the sample.  
 
4.1.2. Development of a trueness control material (‘reference material’) to validate the 
trueness and robustness of the correction-methods used in LSNAA.  
 
Large sample reference materials of approximately 1 kg, with various degrees of 
inhomogeneity, can be produced using well-characterized leftovers of samples from (trace) 
element interlaboratory comparisons studies. Thus, the amounts and their uncertainties of the 
elements in such samples are known. It should be noted that it is analytically incorrect to 
express these amounts as mass fractions as this would implicit that the sample is perfectly 
homogeneous for the element, which is of course in contradiction to the reality.  
 
The feasibility of this approach was tested by producing and analyzing the first of an intended 
series of such reference materials (see Figure 1 for the planned geometries). This first sample 
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was considered as macroscopic homogeneous, i.e., no extreme care was given to mix the 
various portions added else than some general shaking [8]. As such, the analysis of this large 
amount with known property values served to verify the quality of the large sample NAA 
software with an integrated correction for neutron self-attenuation, gamma-ray self-
attenuation and the photopeak efficiency estimation for voluminous sources.  
 

 
 

FIG. 1. Suggested geometries of homogeneous and inhomogeneous large reference materials. 
 
Leftovers of materials were used from the participation of the Laboratory for INAA at the 
Reactor Institute Delft in the interlaboratory soil exchange (ISE) comparison organized by the 
Wageningen Evaluating Programmes for Analytical Laboratories (WEPAL, [9]). Typically 
(500 in all PT schemes) laboratories participate in each round; one sample type is analyzed 
during at least 4 consecutive rounds. As such, a vast amount of data is available on basis of 
which the organizer establishes estimates of the property values of elements using robust 
statistical techniques. 
 
The amounts of each selected leftover was transferred into a polyethylene bottle of 12 cm 
diameter and 20 cm height and the transferred mass was determined simply by weighing. 
Typically, each leftover contributed approximately 200-500 grams. A sample of 
approximately 2.1 kilogram was obtained, initially with a layered structure. The bottle was 
shaken to get some mixing of these layers. The total amounts and uncertainties of all elements 
of interest were calculated from the mass fraction data provided by WEPAL in their annual 
reports. 
 
The reference material was irradiated for 24 h in the LSNAA facility [2] at the Hoger 
Onderwijs Reactor in Delft. The sample was surrounded by zinc foils of approximately 75 mg 
for measuring the neutron fluence rate depression caused by the neutron capture in the large 
sample. The induced radioactivity in the large sample was measured with the Ge detector and 
at the same distance as described above after a decay of 6, 14, and 35 days. Counting times 
were respectively 1, 5 and 10 h to ensure good counting statistics. The zinc monitors were 
measured for 0.5 h after a 5 d decay time using a gamma-ray spectrometer with automated 
sample changer and a 250 cm3 well-type Ge detector. The gamma-ray spectra of the large 
sample have been analyzed with software based on the algorithms described by Overwater 
[10]. 
 
The estimated of the standard deviation si of the formulated mass fraction of element i is 
derived from the by WEPAL provided MAD (median of absolute deviations) using the 
conversion sx = MAD/1.4826. These standard deviations have been used, together with the 
uncertainties of measurement for the estimation of the zeta scores for each element. 
Formulated and calculated mass fractions with their respective uncertainties are given in 
Table 1. 
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TABLE 1. MEASURED AND FORMULATED MASS FRACTIONS OF ‘HOMOGENEOUS’ 
LARGE SAMPLE REFERENCE MATERIAL 

Element 
“Formulated” 
 mass fraction 

Measured mass 
fraction 

Uncertainty  zeta-score Bias 

  mg/kg mg/kg (%)   (%) 

As 14 14,2 4,6 0,4 2 

Ba 424 346 41 -0,6 -19 

Ca 1,35E+04 1,26E+04 20 -0,4 -7 

Ce 39,4 38,8 7,5 -0,2 -1,8 

Co 8,1 9,4 2,3 5,7 15 
Cr 108 117 3,7 2,2 9 

Fe 1,68E+04 1,73E+04 2,3 1,3 3,2 

K 1,28E+04 1,38E+04 2,5 2,8 7,4 

La 20,2 20,8 2,2 1,4 3,1 

Na 4,69E+03 4,90E+03 2,2 1,9 4,4 

Sb 2,3 2,5 3,5 2,3 8,9 

Sc 5,0 5,4 2,2 3,1 7,2 

Th 5,7 6,6 6,4 2,1 16 
 
The good agreement (zeta < 3) between the formulated and calculated mass fractions 
indicates that the large sample NAA software operates well for materials of macroscopic 
homogeneity. 
 
All raw data are available for benchmarking of software for large sample analysis in other 
facilities. 
 
Unfortunately, the development of reference materials in the other projected geometries 
(Figure 1) could not be completed. This part of the project was seriously delayed since bugs 
were detected in the software for correcting the neutron self-shielding, and in the gamma-ray 
spectrum analysis. It was found that the software could not handle a modification of the 
irradiation container. Eventually, this problem was solved. It was also found that not all 
coincidence corrections were properly carried out. In addition, the ORTEC detector had to be 
repaired twice because of a vacuum problem POPTOP cryostat (4th time since 1992) and a - 
HV-filter breakdown, requiring renewal of the pre-amplifier. 
 
4.2. EVALUATION OF THE FEASIBILITY OF A SIMPLE, LOW-COST DEDICATED 
POOL-SIDE FACILITY FOR INTERMEDIATE SIZED LARGE SAMPLES 
 
A first orientation of a new facility has been made for accommodating a project in which 
complete diapers had to be analysed; the amount of material in the diaper was too small for 
successful analysis using the regular large sample facility as a much higher neutron flux 
would be needed.  It was suggested to consider an irradiation geometry in the form a flat thin 
plate, to be positioned parallel to the length of the reactor’s fuel elements. A volume of e.g.  
6 * 6 * 2 cm3 (72 cm3) would fit inside the regular ex-core irradiation facility of the Hoger 
Onderwijs Reactor, and could contain 50 – 100 gram of material, depending on its density. By 
using only 2 cm thickness, the effect of neutron self-shielding can be minimized. However, 
the positioning of such a target precisely parallel to the fuel plates could not be realized with 
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the regular irradiation facility. The design and development of a new irradiation facility to 
serve this purpose was postponed because of a change of the stakeholder’s focus during the 
course of the CRP, and since an application was pending at the Dutch government for a major 
change of the research reactor (the OYSTER project [11]).  
 
4.3. THE EXISTING FACILITY FOR LSNAA WAS MADE AVAILABLE TO THE CRP 
PARTICIPANT FROM GREECE TO VALIDATE THE CORRECTION METHOD FOR 
LSNAA OF INHOMOGENEOUS SAMPLES AND TO STUDY THE ANALYSIS OF A 
CULTURAL HERITAGE OBJECT 
 
To this end, the Reactor Institute Delft made available all raw data of the analysis of the 
object, used in the laboratory intercomparison carried out in this CRP. 
 
The large sample facility was also used by Ms. C.Elias, PhD student of the Centro de Energia 
Nuclear na Agricultura of the Universidade de Sao Paulo, Piracicaba, Brazil, for analysis of 
kilogram-sized samples of dog food in the frame of a study into the within and between-batch 
variability of the composition of this fodder.  
 
Another PhD student, Ms. T.Yagob (on leave from the Sudan Atomic Energy Commission for 
a PhD study at the Delft University of Technology) has been using the large sample facility 
for analysis of complete batches of microwave meals (approximately 1 kg each) in the frame 
of a study on the metabolism of iron in man. 
 
4.4.  INDEPENDENT ASSESSMENT OF THE ANALYTICAL QUALITY OF LARGE 
SAMPLE NAA AT THE REACTOR INSTITUTE DELFT BY PARTICIPATION IN THE 
LABORATORY INTERCOMPARISON 
 
The object, a copy of a traditional Peruvian vase with a mass of 780 gram with sample code 
R-10, was covered on the outside with Zinc neutron flux monitors (typical mass 75 – 130 mg) 
(see Figure 2) and irradiated in the large sample facility on April 11, 2012 for 48 h at a 
thermal neutron flux of approximately 3.108 cm-2s-1. 
 
The object was measured at a distance of (object center to detector end-cap) from a side-
looking Ge detector (relative efficiency 96 %, see Figure 3) on April 18, during 30 min, on 
April 19 during 1 h, on April 23 during 1 h and on May 7, during 10 h. The zinc flux monitors 
were counted for 15 min each on April 18 in a 125 cm3 well-type Ge detector. Results are 
shown in Table 2. 
 
 
  



105 

TABLE 2. MASS FRACTIONS AND THEIR COMBINED STANDARD UNCERTAINTIES 
Reference values  Netherland’s results 

Analyte Result 
(mg/kg) 

Combined 
Standard 

Uncertainty (%) 

 Result 
(mg/kg) 

Combined 
Standard 

Uncertainty (%) 

zeta-score 

Na 20379 3  22800 2 3,2 
Mg 13061 5     
Al 83369 3     
K 16637 9  22800 4 3,5 
Ca    34000 11  
Sc 16,5 5  16,4 2 -0,1 
Ti 4506 7     
V 141 7     
Cr 25,1 8  25,1 3 0,0 
Mn 844 3     
Fe 44547 2  44400 3 -0,1 
Co 14,8 3  14,1 3 -1,2 
Ga    24 11  
As 33,9 7  37 4 1,2 
Br 4,2 24  6,1 6 1,7 
Rb 100 2  93 3 -1,9 
Sr 418 4  530 10 2,0 
Zr    230 20  
Sb 5,1 9  5,1 4 0,0 
Cs 11,4 3  10,8 3 -1,4 
Ba 677 2  640 11 -0,5 
La 24,8 8  25,2 2 0,2 
Ce 51,2 7  50 4 -0,3 
Nd 26 20  17 10 -1,6 
Sm 5,8 5  3,9 4 -5,9 
Eu 1,1 3  1,25 4 2,5 
Tb 0,65 6  0,66 10 0,1 
Dy 4,1 8     
Yb 2,3 4  2,2 4 -0,8 
Lu 0,36 5  0,31 8 -1,7 
Hf 5,1 7  4,9 4 -0,5 
Ta 0,55 7  0,59 12 0,5 
W    2,1 40  
Th 10,8 6  10 4 -1,1 
U 2,9 6  3,2 20 0,5 

 

 
FIG. 2. Object R-10, showing the packing for irradiation and the flux monitors on the outer surface. 
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FIG. 3. Large sample counting facility with the vase inside the container. 

 
These results have been compared to the values, obtained by the organizer of this 
intercomparison by normal neutron activation analysis on small amounts of the material, used 
to produce the copy of the vase. This comparison has been quantified by calculation of the 
zeta score. In general, satisfying agreement (zeta scores < | 3|) was achieved.  
 
5. PITFALLS 
 
Not all objectives could be realized during the course of this CRP. Some of the causes were 
already mentioned in the above (change in focus of one of the stakeholders; postponement of 
development of irradiation facilities in view of the reactor upgrade project).  
 
Other points to be mentioned are: 
- The available human resources for the contribution to the CRP more than halved when 

Ms. M.J.J. Koster-Ammerlaan’s appointment at the Reactor Institute Delft changed 
after September 2010. There was no replacement foreseen. 

- The governing Facilities and Services section of the Reactor Institute Delft outlined 
not to invest further in research and development of (large sample) INAA but only 
using it for routine applications. The scientific department Radiation, Radioisotopes 
and Reactors considered that no support could be given to such additional research 
without a stakeholders request. 

 
6. CONCLUSION 
 
Large sample neutron activation analysis can relatively easily be applied to samples with 
masses between 1 g and 10 g. For most materials, in the absence of extreme amounts of 
strong neutron absorbing or scattering elements such as hydrogen, boron, cadmium, 
gadolinium, the neutron self-shielding can be minimized if the targets are used in a slab 
geometry. If the physically geometry is well defined (e.g., cylindrical, slab), corrections for 
gamma-ray self-attenuation and voluminous efficiency can be applied using commercially 
available software. 
 
It has been demonstrated that low-costs objects can be made with known property values 
serving for verification of the validity of the analysis results, trueness control materials, using 
left-overs of materials, well-characterized via laboratory intercomparison studies. Application 
thereof revealed the need for modifications of the software, eventually resulting in an 
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acceptable degree of agreement of measured and formulated amounts of the chemical 
elements. 
 
Finally, it has been shown that even large, irregularly shaped objects can be analysed using 
neutron activation analysis and that results can be obtained with a degree of trueness, 
expressed via zeta scores, equivalent to the state-of-the-practice in normal neutron activation 
analysis. 
 
COLLABORATION 
 
Nuclear Research Reactor Laboratory, Institute of Nuclear & Radiological Sciences, Energy, 
Technology & Safety, Athens, Greece. 
 
PUBLICATIONS 
 
BODE, P., KOSTER-AMMERLAAN, M.J.J., “Reference Materials for Large sample 
Neutron Activation Analysis”, Presented at the 13th Int. Conf. on Modern Trends in 
Activation Analysis, College Station, TX, USA, April 2011; Submitted for publication to 
J.Radioanal.Nucl.Chem. 
 
REFERENCES 
 
[1] BODE, P, Quality control in large sample analysis, J.Radioanal.Nucl.Chem. 271 (2007) 

333-337. 
[2] BODE, P., OVERWATER, R.M.W., Trace element determination in very large 

samples: a new challenge for neutron activation analysis, J.Radioanal.Nucl.Chem. 167 
(1993) 169-176. 

[3] ZEIFEL, P.F., Nucleonics 18 (1960) 194, referred to in DE SOETE, D; GIJBELS, R., 
HOSTE, J., Neutron Activation Analysis, Wiley-Interscience New York (1972), page 
457 – 458. 

[4] http://www.nist.gov/physlab/data/xraycoef/index.cfm  
[5] http://www.canberra.com  
[6] http://www.ortec-online.com/download/ANGLE-Advanced-Efficiency-Calibration-

Software.pdf  
[7] http://www.nucleonica.net 
[8] BODE, P., KOSTER-AMMERLAAN, M.J., Reference Materials for Large sample 

Neutron Activation Analysis, Submitted for publication to J.Radioanal.Nucl.Chem. 
[9] http://www.wepal.nl/, 
[10] OVERWATER, R.M.W., The physics of big sample instrumental neutron activation 

analysis, Doctor thesis, Delft University of Technology, 1994 NL 1994X. 
[11] http://www.tnw.tudelft.nl/samenwerken/faciliteiten/reactor-instituut-delft/oyster/  
 


