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ABSTRACT

Archeological artifacts can be analyzed after neutron irradiation at the pulsed ISIS neutron and muon source, UK, using a newly installed high
purity germanium gamma ray spectrometer to perform neutron activation analysis. In this work, the details of the measurement methods and
data analysis are presented. In particular, it is explained how Monte Carlo calculations are necessary to evaluate the detection efficiency,
taking into account self-shielding effects. The results for two certified bronze standards are presented. The good agreement between expected
and measured compositions is promising for the use of this technique for archeological artifacts where the elemental concentration is often
unknown. As an example, the analysis of a Chinese sword from the first or second century BC is presented.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0043935

I. INTRODUCTION

Neutron Activation Analysis (NAA) is a technique for deter-
mining the concentration of elements, which has been successfully
used in many different applications including environmental mea-
surements,' geology,*” soil science,’ nutritional epidemiology,’
characterization of semiconductor materials,® and other high-purity
materials.”

NAA is a non-destructive technique, which is very attractive
for applications in archeometry'”!! since it offers the possibility of
quantitative bulk elemental analysis, contrary to other surface only
techniques, such as XRF and ion beam analysis. Knowledge of the
elemental composition, including major and trace elements, may
provide clues on provenance (e.g., pigments'” and metals'?).

Despite the established method and very interesting success-
ful examples,'*'>!8 NAA is not very widely used in archeometry.
One of the main limitations is the availability of neutron sources
for research, aggravated by the ending of operational life of several
research reactors over the years.'° In addition, even if high fluxes
from reactors (which can be in the order of 1022108 cm™2 7%
see, e.g., Ref. 10) can be used very effectively to detect elements
in low concentrations (<ppm),”” they are often not suitable for
non-destructive measurements. In fact, the irradiation of an entire

artifact with a high-flux neutron beam, where traditional NAA is
available, can be problematic as the artifact activation would be too
high both for the analysis and to return it to the museum within
reasonable time. For this reason, often quantitative NAA is either
not performed at all or performed in a destructive way, sampling
the artifacts: samples need to be ground and prepared in capsules
for irradiation to achieve the best accuracy. This makes it much
less attractive for archeological samples. We intend to demonstrate
a non-destructive method for quantitative NAA applied to large
objects, which can be typically returned to the museums within
weeks.

In this work, we present a new system for NAA at the pulsed
ISIS neutron and muon source, UK,”” where the irradiation was per-
formed at the INES beamline.”! The thermal neutron flux on a water
moderated beamline, such as INES, is of the order of 10° cm™ 57,
which is much more suitable as the risk of activation is lower. This
paper will focus on the investigation of metallic samples as a case
study for demonstrating the new NAA apparatus.

The main advantage of this new setup is that it becomes com-
plementary to other techniques that are used on the same beam-
line for materials science, such as Time of Flight Neutron Diffrac-
tion (ToF-ND),"” Neutron Resonance Capture Analysis (NRCA),”*
and Neutron Resonance Transmission Imaging (NRTI).”” ToF-ND
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investigates the properties of the material, allowing for the quantifi-
cation of the crystalline phases in the sample and for the microstruc-
tural analysis, such as crystallite size, texture, and residual strain
determination. NRCA is a time of flight technique based on the
detection of a prompt gamma ray from a nucleus in the samples after
absorption of a neutron of energy corresponding to a resonance.”
It is a successful technique for the semi-quantitative determina-
tion of the elemental composition of materials. This is particularly
useful in metals for identifying alloying elements and many trace
elements. NRTI is a radiographic technique, which allows for an
enhanced detection of certain elements and isotopes in the mate-
rial investigated, achieving 2D and possibly 3D elemental mapping
through transmission measurements.”” All these techniques use the
pulsed nature of the neutron source, as they exploit the time of flight
method to measure the neutron energy.

Moreover, NRCA and NRTT have limitations in measuring the
concentration of trace elements in the material due to the present
quality of the data and the need to go toward very short time of
flight values where the gamma burst of the spallation phenomenon
is still very intense. Therefore, it is of great importance to add NAA
as the complementary method to the available techniques. It should
be noted that NAA is not sensitive to every element; a few ele-
ments, such as Li, Be, C, S, and Pb,”” cannot be detected. On the
other hand, some elements, e.g., Mn, As, Br, Ag, In, and Au, can
be detected in extremely low concentrations (parts per million or
better).

The prompt gamma emission techniques, such as NRCA, offer
advantage in the detection of elements that decay too rapidly to
be measured by NAA, elements that produce only stable isotopes,
or elements with weak decay gamma-ray intensities. NAA is bet-
ter suited for the detection of long-lived radionuclides that suffer
from interference by shorter-lived radionuclides since there is a great
degree of flexibility in the time span before between the activation of
the sample and the start of the gamma-ray measurements.

It is also important to underline that the addition of NAA to the
set of measurements does not require extra beam time after the sam-
ple has been irradiated during the other measurements since NAA is
performed post-irradiation.

Il. EXPERIMENTAL
A. The neutron beam

Neutron irradiation of samples was performed at the INES
beamline,”’ a general purpose neutron diffractometer. At ISIS, neu-
trons are produced by spallation reaction of 800 MeV protons
hitting a tungsten target. In the case of INES, the neutrons are
moderated to energy more suitable for diffraction by a water mod-
erator at about 25 °C to obtain a thermal spectrum (0.01-0.5 eV).
This spectrum, however, maintains a quite relevant epithermal
component (0.5 eV-500 keV) and is therefore different from the
thermal spectrum from a fission reactor.”® The detailed shape of
the spectrum needs to be taken into account in the data anal-
ysis. The spectrum presented in Fig. 1 was measured with the
time of flight technique by the same position sensitive n-GEM
neutron detector used for NRTL* The thermal neutron flux on
INES is about 2.12-10° cm™ s™" for the accelerator operating at
170 yA.
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FIG. 1. The neutron spectrum of the INES beamline used for irradiation measured
with a position sensitive n-GEM based neutron detector.

B. The gamma ray spectrometer

Gamma ray spectroscopy is performed after neutron irradi-
ation using a newly installed High Purity Germanium (HPGe)
detector. This is a coaxial detector system of the F-profile series
by ORTEC.” The detector is cooled using liquid nitrogen and is
contained in a low background lead shielding. The system uses
a traditional analog chain with a preamplifier (model A257P), a
spectroscopy amplifier (model 671), and a multichannel analyzer
(EASY-MCA). The detector is biased with positive 2.1 kV.

The HPGe detector is calibrated in energy and efficiency using
certified laboratory y-ray sources of M Am, %7Cs, 1 Ba, **Mn, and
Co giving known y-lines. These are point-like sources sealed in
plastic coins placed at the measurement position “H1” at a distance
of 5 cm from the HPGe crystal. The efficiency of the detector epoint is
defined as the number of counts in the full-energy peak divided by
the number of emitted y-rays at the source.

A model of the germanium detector is then built with the
Monte Carlo radiation transport code MCNP6.”* The simulated effi-
ciency for a point-like source can be benchmarked by the measure-
ments as presented in Fig. 2. It is interesting to notice the quite
strong dependence of the efficiency as a function of the y-ray energy
(Ey). Lower energies (E, < 100 keV) are cut by the aluminum win-
dow (1 mm), dead layer (0.7 mm—part of Ge volume that is not
active for detection), and plastic support. E, > 100 keV can pene-
trate easily the dead layers, and the decreasing behavior is given by
the probability of interaction with the HPGe crystal. The good agree-
ment between measurements and simulation gives confidence in the
model that can then be used to simulate an object with complex
extended geometry.

C. The samples

In this work, we irradiated two copper-based standards to
demonstrate the capability of the setup for quantitative measure-
ments of elements in metallic artifacts. The first standard is a leaded
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FIG. 2. Measured and simulated efficiency epoin: of the new HPGe system for a
point-like source at the sample position.

bronze (chill cast) with 8.26% Sn, 12.46% PDb, and other elements
in traces certified by MBH ANALYTICAL LIMITED.” This is a
disk of 40 mm diameter and 16 mm height. The second standard
is a brass with 0.45% Sn, 5% Zn, and other elements in traces certi-
fied by TECHLAB.” This is a disk of 40 mm diameter and 15 mm
height. Certifications are based on analytical work carried out by
laboratories with proven competence in accordance with ISO stan-
dards. Irradiation time was 5935 and 2899 s, respectively. Wait time,

0 50 100 150 200 250 300
Thickness (mm)

FIG. 3. (a) Picture of the artifact under investigation, a bimetallic Chinese sword
likely from the first or second century BCE. (b) Thickness map of the sword
fragment calculated from 3D tomographic data.

scitation.org/journal/adv

between irradiation and the start of gamma spectroscopy, was 591
and 734 s, respectively.

As a case study of a sample of archeological interest, we irra-
diated a sword fragment (Fig. 3) that resembles a published exam-
ple with a similar hilt’" labeled as originating from burials in the
mountainous regions of Longpaozhai, in the Min River Valley in
Sichuan, China, dating from the second or first century BCE. It has
an iron blade mounted on a bronze hilt, and as it can be seen in
the picture, the bronze hilt is very well preserved in contrast to the
blade. Bimetallic swords have been found in many parts of Central
China, with the earliest example dating as early as the Shang dynasty
(1600-1100 BCE). The sample has been also analyzed using the
INES beamline complementary capabilities, ToF-ND and NRTL*
We irradiated the hilt on its flattest part with a 4 x 4 cm? beam (see
the yellow dashed square in Fig. 3). Here, the artifact is about 0.8 mm
thick [see Fig. 3(b)]. Irradiation time and wait time were 2100 and
540 s, respectively. Measurement times on the gamma spectrometer
are of increasing length, ranging from 10 min to 24 h, in order to
better discriminate different half-lives.

IIl. DATA ANALYSIS
A. Calculation of an element’s mass

It is assumed that the reader is already familiar with the theory
of radioactive decay that can be found in the literature and books,
e.g., Ref. 32. In a nutshell, the goal is to calculate the mass m (g)
of a given element in a sample, measuring the number of counts
(ncount) in characteristic peaks of the gamma spectra given by the
decay of a radioisotope produced by the neutron activation of a sta-
ble isotope. From the theory, it is possible to derive the following
formula:

Hcount A M

m= &R (1 — e—/\tiﬂ)e—)ltwait(l — e_/hmeus) Ny, - 0- Ig : (1)

The following quantities are found in the literature and databases
(e.g., Ref. 33):

M is the molar mass (g/mol).

0 is the isotopic fraction of the stable isotope.

Nav is the Avogadro number (6.022 - 10% mol_l).

A is the decay constant of the radioisotope (s71), also given

_ (@
byl = HalfLife

e [ is the probability that a decay of the radioisotope will emit
a y-ray of a specific energy.

The following quantities are measured during the experiment:

ety is the irradiation time (s).

® tyait is the time elapsed from the end of irradiation and the
start of the gamma spectroscopy measurement (s).

® tmeas is the measurement time of gamma spectroscopy (s).

Multiple gamma spectroscopy measurements are taken in a
separate time series after the irradiation of a sample with both
increasing twait and tmeas. Doing so, one can measure first the short
lived isotopes, which quickly decay away, and have cleaner measure-
ments for long lived isotopes.
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In the next two paragraphs, it is explained how more effort is
needed to evaluate ¢, the efficiency of detection of a y-ray of known
E,, and the activation rate R (sHina given neutron field.

B. Correction factor for the efficiency

It has been shown in Sec. II B how ¢ is strongly dependent on
E, for the simple case of a point-like source (gpoint). For the case of
a point-like sample, the experimental curve obtained with calibra-
tion sources would be sufficient. However, Monte Carlo simulations
are needed to evaluate the efficiency for a macroscopic object. There
are two effects that come into play: (a) the geometric effect, which is
the fact that the source is extended in space; and (b) the sample self-
shielding effect, which is the fact that y-rays will be attenuated by
the materials of the sample. Both effects will reduce ¢ overall, but the
second effect will be much stronger at lower energies, and this effect
is particularly enhanced for a metallic object because of its high den-
sity and high Z. The results of the simulations for both the standard
disk and the sword are presented in Fig. 4, where the correction fac-
tor K (E,) is such that e(Ey) = K(Ey )&poin (Ey). The simulated sword
was assumed to be containing only the main elements: copper with
a core of iron. The disks are perfect cylinders containing only the
main elements (copper and lead and copper and zinc, respectively)
following the composition specifications as certified.

An important contribution to the correction factor in the case
of the sword comes from the fact that it was not possible to place the
artifact with the irradiated part on the axis of the detector. Therefore,
the source was on average at a greater distance from the HPGe detec-
tor, and this accounts for the lower efficiency as can be appreciated
in Fig. 4.

C. Correction of the activation rate

The activation rate per nucleus R (s of a given isotope is
given by the following convolution of the nuclear cross section o(En)
(cm?) of the relevant reaction [(n,p) in this case] and the neutron

1.0

Efficiency correction factor - K

0.0

0 500 1000 1500 2000

E, (keV)

2500

FIG. 4. Results of the simulations for the correction factor to the efficiency of a
disk and a sword shaped source calculated with MCNP as a function of the y-ray
energy.
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FIG. 5. Correction factor to the neutron flux as a function of energy due to the
presence of the sample.

differential flux ¢ (Ey) (MeV~tstem™):

R- f 6(En)p(En)dEy. @)

Nuclear cross sections can be easily found in nuclear data libraries.*

The incoming neutron flux ¢o(E, ) is presented in Fig. 1. How-
ever, a correction to R is needed due to the fact that the sample itself
modifies the neutron spectrum across its thickness. Again, we used
MCNP to evaluate this effect with Monte Carlo simulations. We sim-
ulate the average neutron flux in the sample volume as a function
of energy and calculate a flux correction factor y(E,), presented in
Fig. 5 for the cases under study, such that ¢(E,) = x(En)¢o(En). It
is interesting to see that, for low energy and for resonance energy,
the effect is a self-attenuation of the flux (y < 1), as neutron capture
is dominant. For intermediate epithermal energy, we observe y > 1,
meaning that there is a slight enhancement of the flux due to neu-
tron scattering (the scattered neutron would have longer paths and
be reflected back into the sample). This effect of increased reduction
of lower energies as the beam travels further into the material is the
so-called “beam hardening.” However, we also need to notice that
this effect is a relatively small correction, as overall y ~ 1 for samples
of this size (~cm thick).

IV. RESULTS

Characteristic y-ray lines have been identified in the measured
spectra. In Fig. 6, we show as an example a y-ray spectrum measured
for the sword case and a zoom on the characteristic peak of 7®As.
Here, the reader can assess the good quality of the data. The peaks
have good energy resolution (in the example, the peak centered at
559.1 keV has a resolution of 0.2% FWHM) and are well fitted by a
Gaussian distribution.

The results for the two copper-based standard samples are pre-
sented in Fig. 7 and Table I, compared to the expected elemental
concentrations. It is very promising to notice a rather good overall
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FIG. 6. Example of a y-ray spectrum of the sword measured with the HPGe
detector (top) and a zoom on the full-energy peak of "®As (bottom).

agreement (discrepancies <10%) and that this agreement holds over
several different orders of magnitude of concentration.

To evaluate the uncertainties, the following major contribu-
tions are considered: (a) an uncertainty of 10% on the flux char-
acterization and monitoring, as it is reported in Ref. 35 for the
detector used; (b) an uncertainty of 8% on the evaluation of the
detector efficiency, which includes the use of Monte Carlo simu-
lations, as from the study reported in Fig. 2; and (c) a typical sta-
tistical uncertainty of 5% for counting statistics, even if this can
vary from element to element. The combination gives an uncer-
tainty of about 14%, which is similar of what is estimated in
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FIG. 7. Results for the two copper-based standards. Measured and expected
concentration values are compared.

foil activation studies.’® However, other systematic uncertainties

can be present in some cases, for example, when the geometry
of the sample is not well known or not well represented in the
simulation.

TABLE |. Numerical value of the results of the concentration of elements for the two copper-based standards, also

represented graphically in Fig. 7.

Standard 1 Standard 2

Element Measured Expected Element Measured Expected
Copper 0.79 £ 0.01 0.7723 Copper 0.95 +0.01 0.944
Lead N/A 0.12 Tin (49+0.68)-107°  45.107°
Tin (8.4+12)-1072 8.26-1072  Antimony (6.6 +0.92)-107° <107
Indium (9.5+1.3)-107° N/A Arsenic (1.14 £ 0.15)-107° 8-107°
Antimony (6.0+0.84)-107°  5.57.107° Zinc (4.19£0.58)-1072  4.99-1072
Arsenic (1.19+0.16)- 107 1.46-107°

Zinc (23+£0.7)-107° 42-107°

Nickel (7.6 £1.1)-107° 6.9-107°

Silver (43+06)-107* 45-107*
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The following points are also worth to be discussed: TABLE II. Measured concentration of elements for the archeological artifact under
test, also represented graphically in Fig. 8. Details about ND results and NRTI maps
e Zinc presents larger discrepancies with respect to other ele- are available in Ref. 23.

ments (about 45% for standard 1 and about 16% for stan-
dard 2). We note that the measurement of the zinc con-
tent is based on the partial reaction *®*Zn(n,y)*™Zn, leading

Measured Detected in
Element Measured with NAA with ND NRTI maps

to a metastable state. We find in the literature that larger Tin 0.08 + 0.011 0.10 + 0.005 Yes
than usual discrepancies between measurements and tab- Indium (59+0.83)-10° Yes
ulated nuclear data are reported for this reaction (e.g., a Antimony (2.5 +0.35)- 1073 Yes
discrepancy of 25% is reported in Ref. 37). Arsenic (3.3 +0.46)- 107> . Yes
e In standard 1, there is a lead concentration that cannot Silver (1' 64 0'22).10_2 Yes
be measured. In fact, it is not possible to measure lead Gold ( 9' 1t 1'3).1 0~ Yes

using NAA with thermal neutrons because all the capture
reactions give stable isotopes.

¢ Indium and antimony have been measured in standard 1 and
standard 2 but were not expected from the data sheet. This
is because the concentration is very low, in the order of 107°
(10 ppm), and elements in such a low concentration were
not reported in the data sheets. NAA is very sensitive to both
indium and antimony, thanks to their high absorption cross

as brasses and bronzes,’® but it does not apply for carbon
steels where the alloy is interstitial. ToF-ND data were ana-
lyzed using a Le Bail fit,*® highlighting dendritic structures
with an average 10.5 + 0.5 wt. % Sn for the area irradiated
for NAA. Dendritic segregation is a common microstruc-

sections. . . . . .

ture that arises during casting and cooling of impure met-
In Fig. 8 and Table II, the results for the Chinese sword are als or deliberate alloys. Dendrites form as one of the con-
presented. It is interesting to discuss these results in correlation stituents of the melt that has a different melting point than
with ToF-ND and NRTI measurements that have been presented in the other: in the case of bronze, Cu melts at 1083 °C and
Ref. 23. The following considerations can be made: Sn at 232 °C. As the alloy cools, a compositional gradient
. N . forms from the inner region of a dendritic arm to the outer

e NAA provides quantitative results for elements in low con- surface

centrations that are not easy to obtain by the other tech-
niques. All the elements that were found with NRTTI are also
identified with NAA in the same sample. NRTT can give a
map of the element concentration, but there are difficulties
in extracting accurate quantitative information as explained
in the Introduction.

e From an archeometric point of view, the characterization of
the alloy in terms of its main elements, Cu and Sn in this
case, is very useful to assess changes in production tech-
nology, access to tin and other metals, consistency in alloy-
ing different materials, etc.”® This is done very effectively
with ToF-ND when dealing with substitutional alloys, such

e NAA allowed us to evaluate the tin concentration in the
bronze (8 + 1 wt. %). The difference can be acceptable in
many cases, but it is more then what we expected from the
analysis of the standards. It is probably due to a combina-
tion of different causes: (a) the approximations done with
MCNP simulations regarding the geometry and composi-
tion of the matrix (the sword is approximated by simple flat
geometry), (b) possible errors in evaluating the positioning
of the sample with respect to the HPGe detector, (c) previ-
ous irradiations of the same object possibly not well taken
into account, and (d) the assumption in the estimation of
the Sn content from diffraction data that the alloy is binary.
However, despite the limitation and possible discrepancies
in the order of 20%, it was a confirmation of the suitability

[ Chinese sword of NAA to determine with reasonable accuracy the elemen-
tal concentration of a complex artifact such as the one under
eoLp l:| investigation. In this case, it was also possible to determine

‘ the presence of As in the alloy. Although arsenical bronze

SILVER . IR
has been known since the early bronze age, it is still not
ARSENIC ‘ entirely clear to what extent arsenic was deliberately added
to copper for its silvery sheen or to improve some mechan-
ANTIMONY ‘ ical characteristics of the alloy, considering that arsenic is

' also present in a number of copper containing ores. There-
INDIUM D fore, some natural contamination of the copper with arsenic
would have been unavoidable. It is, therefore, important to

™ ) ‘ quantify the content of As in bronzes to help addressing this

: . - . - . issue.
10° 10° 104 10° 102 107 o It is very relevant to notice that with NAA, it is possible to
Concentration measure elements in low concentrations (silver, antimony,

gold, and arsenic in such a low amount that does not affect

FIG. 8. Results for the archeological artifact under test. .
the copper alloy lattice parameter) that cannot be measured
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with ToF-ND but only with NRCA or NRTI. The pres-
ence of silver and gold is interesting from an archeologi-
cal point of view, as it may suggest that some decorations,
which are no longer visible, might have been present on the
object.

V. CONCLUSIONS

NAA has been used successfully to characterize non-
destructively metallic artifacts after irradiation on the INES beam-
line at the ISIS neutron and muon source. The measurements of
copper-based standard samples give confidence in the quantitative
results of this powerful method of analysis. The method can then be
applied not only to artifacts of archeological interest but also to geo-
logical samples and, more generally, where elemental quantification
is required.

The main advantage of the development of this new setup for
analysis at ISIS is the possibility of integration with complemen-
tary methods, such as ToF-ND, NRCA, and NRTL All these tech-
niques combined give the possibility for non-destructive bulk testing
of extended samples of complex geometry, such as, but not only,
objects of cultural heritage interest.

DATA AVAILABILITY

Raw data were generated at the ISIS large scale facility. Derived
data that support the findings of this study are available from the
corresponding author upon reasonable request.
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