
Non-destructive analysis of metals and alloys using prompt 

gamma activation analysis and complementary methods 

PhD thesis 

 

Boglárka Maróti  

 

Supervisors:  

Tamás Belgya PhD, deputy director-general,  

MTA Centre for Energy Research 

 

Zoltán Homonnay PhD, DSc, professor,  

Faculty of Sciences, Eötvös Loránd University 

 

Consultant: 

László Szentmiklósi PhD, senior scientist,  

MTA Centre for Energy Research 

 

PhD School of Chemistry 

Head: Attila Császár PhD, DSc, professor 

Analytical Chemistry,Colloid and Environmental Chemistry, 

Electrochemistry Programme 

Head: Éva Kiss PhD, DSc, professor 

  
Centre for Energy Research 

Hungarian Academy of Sciences 

Eötvös Loránd University, 

Faculty of Science, Institute of Chemistry 
 

Budapest, 2018 



1 

Introduction and aims of the research 

 

The chemical analysis of metals, precious metals, coins, jewelry, weapons 

and everyday objects has a history of several centuries. Nowadays, the 

major research fields benefiting from the analysis of alloys and metal oxides 

are material science, metallurgy and catalyst research. 

To determine the elemental composition, classical wet chemical methods 

and instrumental analytical techniques are used. Non-destructiveness and 

representativity are of high importance in the analysis of valuable or 

irreplaceable samples (especially in the cultural heritage science). This rules 

out procedures based on the dissolution of the sample (e.g. ICP-OES, ICP-

MS), destructive sampling (NAA) and even micro-destruction (laser 

ablation ICP-MS (LA-ICP-MS), laser induced plasma spectrometry (LIBS)). 

In the non-destructive analysis of metals and metal alloys, the most 

commonly used methods are X-ray fluorescence analysis (XRF) and particle 

induced X-ray emission spectroscopy (PIXE). The handheld version of the 

XRF, abbreviated as hhXRF, is fast, easy-to-use and cost-effective. The 

limitations are the small penetration depth (few tens of micrometers), and 

the features of the built-in evaluation software (if no matrix matched 

calibration is available). In case of archaeological samples, the composition 

of non-sufficiently cleaned, corroded surfaces does not represent the bulk 

composition of the sample, which may result in misleading conclusions. 

Prompt gamma activation analysis (PGAA) is based on the radiative neutron 

capture. It has been used for more than a decade in the non-destructive 

analysis of object of archaeological and material science origin, including 

alloys. PGAA provides compositional data for the bulk, as both neutrons 

and the produced gamma photons are highly penetrating. The first PGAA 
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measurements on iron ore, stainless steel and gold alloy samples were 

already performed in the 1970s. The quantitative analysis at first relied on 

the use of an external comparator, later it was based on the k0-

standardization. 

The applicability of the PGAA method is limited by the fact that the 

analytical sensitivities of the minor alloy components are often comparable 

or smaller than that of the main component (in the case of bronzes Cu is the 

matrix component of the alloy, the possible minor components are: Sn, Zn, 

Pb, As, Sb). Hence, the dynamic range of detection does not allow the 

determination of minor components even at percentage concentrations. The 

complicated multiplets and the peak shape distortions related to the high 

count rate from the matrix elements of large neutron capture cross sections 

of are characteristic to the PGAA spectra of metals and alloys. This might 

cause inaccurate peak area estimation. In the analysis of Co, Cu, Ag, Au 

long-lived radionuclides might be produced during the irradiation. This 

limits the maximum allowed acquisition time and the availability of the 

sample for general use right after the measurement. 

The aim of my research was to develop and apply methods to further 

improve the selectivity, dynamic range, and the detection of the metallic 

elements in the presence of each other via PGAA analysis. By decreasing 

the necessary measurement time, the risk of activation can be also reduced. 

With the application of complementary techniques (XRF and imaging) 

besides the traditional PGAA, I managed to extend the technique towards 

non-homogeneous samples. By the joint interpretation of the results from 

various methods, more justified conclusions could be drawn, for the benefit 

of the archaeological- and material science. 
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Experimental and methods 

 

I used multiple detection methods in PGAA during my work. In addition to 

the standard PGAA setup, high-resolution germanium (LEGe) detector was 

used to better resolve the complicated multiplets and spectral interferences 

below 1 MeV. To enhance the statistical precision of high-energy prompt 

gamma peaks by suppressing the low-energy intense peaks at a given total 

count rate, I placed a lead gamma-attenuator between the sample and the 

detector. The used LEGe and coaxial high-purity germanium (HPGe) 

detectors were equipped with Compton-suppressor. 

With the above configurations, I performed PGAA measurements at the 

Budapest Research Reactor and at the FRM II, Garching, Germany. The 

thermal equivalent neutron flux available at the Budapest Research Reactor 

and Garching PGAA is 9.6×107 s-1cm-2, and 3×1010 s-1cm-2, respectively. 

Due to the extreme high neutron flux of guided cold neutron beam at the 

Garching facility, I could perform in-beam activation analysis besides 

PGAA, even on small samples. 

I used a handheld XRF for pre-filtering and classifying the samples prior to 

the PGAA measurements. The detection limits of XRF are more 

advantageous in case of high-Z elements, thus it complements well the 

PGAA method in this sense. I performed measurements on certified 

reference materials with the various PGAA configurations, as well as with 

hhXRF and destructive instrumental neutron activation analysis (INAA). I 

have demonstrated the applicability of these methods on valuable 

archeological artefacts. For complex objects, elemental analytical methods 

were combined with neutron imaging and neutron diffraction in order to 

properly interpret the bulk composition results. 
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New scientific results 

 

1. I introduced a new measure based on the cumulative gamma 

line intensities of PGAA spectra to classify the elements. For those where 

around 100% of the normalized cumulative line intensity values, i.e. the 

large proportion of the gamma yield, is concentrated in easily detectable 

peaks, the standard coaxial HPGe detectors are preferred for the PGAA 

measurements. If the cumulative line intensity values are small and only 10-

20% of the counts appear in detectable peaks, the peak evaluation procedure 

is difficult. The missing part of the neutron capture cross section is 

fragmented to a large number of weak transitions that are not adequately 

resolved by the most frequently used HPGe detectors. These counts greatly 

increase the total count rate, but appear in the continuously increasing 

baseline of the spectrum towards low-energies and can not be used for 

analytical purposes. [A7] 

 

2. I established two subgroups within the type 2 PGAA spectra by 

using the binding energy test and available literature data. Type 2/1 

includes elements that have intense gamma lines at low and at high energies. 

This group contains Z <30 metals (e.g. Cu). The 2/2-type elements emit 

gamma-photons with energy up to 500 keV. Most of this group includes Z> 

30 elements (e.g. Ag and Sb). My experimental strategy was based on this 

classification. [A1, A7] 

 

3. I observed a positive systematic bias of the tin concentrations in 

bronze alloys by the PGAA, when analyzing 30 binary copper-alloys 

with XRF, TOF-ND and PGAA. To clarify the reason of the difference, I 

made targeted PGAA measurements on high-purity copper and tin samples, 
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as well as on their stoichiometric compounds for the refinement of 

spectroscopic data. I showed that for the reliable analysis of tin, the 

interference even with the low-intensity (around 0.2%) copper peaks at 1171 

and 1293 keV has to be taken into account. I validated my correction 

procedure using certified reference copper-alloys, and found the results to be 

in good agreement with the reference values. [A1, A4, A8, A10] 

 

4. I introduced two new PGAA detection strategies in the analysis 

of copper-alloys i.e. using a high-resolution planar LEGe detector, and 

a gamma attenuator placed between the sample chamber and the 

conventionally used coaxial HPGe detector. The analytical performance 

indicators of the classical PGAA and the newly developed detection 

strategies were compared with each other and also with INAA and in-beam 

activation analysis. I showed that in the analysis of samples with unknown 

compositions, the most appropriate setup is a coaxial HPGe with gamma 

attenuator, complemented with a high-resolution planar LEGe detector 

placed at the other side of the sample chamber, and combined with off-line 

gamma spectrometry (in-beam NAA) measurements. PGAA with a gamma-

attenuator should be used for Pb, Sn, Mn, Fe and Ni components; As, Sb 

and Ag can be analyzed more effectively and in a more productive way 

using a LEGe detector compared to the conventional PGAA. The off-line 

counting measurements provide more precise results for some important 

minor components, such as As, Sb and Mn. [A7, A1] 

 

5. The 2/2 type metals have numerous, intense prompt gamma 

peaks below 500 keV. I demonstrated that, using a high-resolution 

planar LEGe detector in the analysis of precious-metal containing 

samples, similar or more precise results can be obtained in a shorter 
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measurement time and with decreased activation risk compared to the 

traditional PGAA method. The complicated multiplets unresolvable by the 

coaxial HPGe due to its larger peak width and peak-shape distortion can be 

successfully decomposed using a LEGe detector. These precisely fitted, 

non-overlapping peak-pairs at close gamma-ray energies are well suited for 

analytical purposes, and the systematic error caused by the gamma self-

absorption can also be minimalized. [A7, A9] 

 

6. I used a handheld XRF device for the time- and cost-effective 

prefiltering/grouping of archaeological objects prior to PGAA 

measurements. Based on these results, I optimized the PGAA measurement 

conditions, i.e. acquisition time and counting rate. If the surface XRF and 

the bulk PGAA results did not agree, or if the scale of structural 

heterogeneities was smaller than the spatial resolution of the local PGAA 

method, 3D neutron imaging was additionally used. With the joint 

interpretation of the results from multiple techniques, I revealed the complex 

internal structures of precious heterogeneous archaeological objects. [A2, 

A3, A4, A5, A6] 

 

7. Based on my experiences, I developed and established a 

recommended analytical workflow (combination and sequence of 

techniques) to non-destructively characterize alloys. Using this protocol, 

samples can be analyzed more accurately and efficiently than before. [A1] 
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