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1. Project Summary

We propose a photon activation analysis (PAA) for accurate evaluation of elemental composition of wide range of samples. PAA is known as a very sensitive, highly-penetrating and non-destructive technique, which does not require sample preparation. Elemental and matching analyses were successfully performed for a wide variety of samples including museum artifacts [1], fossils [2], forensic samples [3], agricultural samples [4], and various environmental samples [5-6]. PAA is a relatively straightforward procedure, affords high accuracy and is non-destructive compared to other methods of detecting base elements [7 - 9].
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3. Project Description

3.1.  Photon Activation Analysis

Applied nuclear and radio-analytic methods are the key tools for compositional characterization of archaeological and museum materials. Nuclear methods are used to initiate the transmutation of isotopes into a state of radioactivity. Created radioactive isotopes can be monitored as they decay back to a stable state using gamma-spectroscopy [7]. The radionuclide, or daughter element, produced can be used to determine the original element, or parent, and its relative abundance. One of such techniques is photon activation analysis (PAA). A typical PAA process involves using an electron accelerator to create high energy gamma radiation (Figure 1, left). This gamma radiation knocks out one or more nucleons in the sample (protons, neutrons, or alpha-particles) and through this process creates a new radioactive isotope (Figure 1, right). After irradiation, radioactive products emit gamma rays, which can be identified through gamma-spectroscopy. Each line in gamma spectrum represents a certain element; as a result sample composition can be accurately determined (see Figure 2).γ
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Figure 1. Photon activation analysis scheme. Left: Experimental setup. Accelerated electrons strike a converter and produce bremsstrahlung photons which irradiate the sample. Right: A photon strikes a nucleus and excites it. A nucleon (a neutron or a proton) is being emitted and leaves a radioactive daughter nucleus. sample


One of the most attractive aspects of PAA for archaeology is its non-destructiveness and the capability for whole-artifact trace element concentration determination. Only minute portion of atoms (~10-9) gets transmuted so it does not affect the sample. The small amount of time required for analysis, the ability to determine concentrations for multiple elements simultaneously, and the range of identifiable isotopes make PAA a valuable analytical tool. In addition, photon activation has the ability to penetrate the entire depth of the artifact, which creates a more homogeneous representation of the sample. Other methods such as Inductive Coupled Plasma Mass-Spectroscopy (ICP-MS), Proton Induced X-ray Emission (PIXE), XRF (x-ray fluorescence), and Laser Ablation [7 -9] are incapable of doing this because they sample the surface up to a few microns into the artifact and have little ability to identify and interpret the variability found in virtually all materials, whether they are human constructed or naturally produced. Thus PAA remains the most suitable tool for elemental analysis of precious objects.
Summary of the PAA:Figure 2. A typical spectrum obtained at the Idaho Accelerator Center by placing an irradiated sample in the high-purity germanium detector. The parent nuclides are labeled with each peak.


- Simultaneous multicomponent analyses can be carried out without any complex sample preparation 
- PAA can identify ppm to ppb levels of most of the elements in the periodic table (see Table 1)
- PAA is virtually non-destructive
- PAA probes “the whole sample”, not just the surface












Table 1.  Elements identifiable with photon activation analysis in nearly any matrix (solid, liquids, etc). Note that C, N, O, and F require radiochemical separation unless there are sufficient quantity of these nuclides that half-life analysis can be done; all others can be measured instrumentally.

		Elements 




	Mass fractions of the following elements can be determined: C, N, O, F, Na, Mg, Si, Cl, K, Ca, Sc, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, Ce, Nd, Sm, Eu, Gd, Dy, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi and U. Nearly any matrix can be analyzed. 


	Testing Range 
	Uncertainty of results

	Mass fractions of about 0.1 μg/g – 1 g/g: C, N, O, F, Cl, Sc, Ni, Ge, As, Rb, Sr, Zr, Ru, Pd, Ag, Sn, Sb, I, Ce, Sm, Eu, Gd, Tm, Yb, Ta, Re, Os, Ir, Pt, Au, Hg, Tl, U 

	from 
	10 % 
	to 
	3 % 

	Mass fractions of about 1 μg/g – 1 g/g: Na, Mg, Si, K, Ca, Ti, Cr, Mn, Co, Zn, Ga, Se, Br, Y, Nb, Mo, Rh, Cd, In, Te, Cs, Ba, Nd, Dy, Lu, Hf, W, Pb, Bi 

	from 
	10 % 
	to 
	2 % 

	Mass fractions of >1000 μg/g – 1 g/g: Fe, Cu 

	from
	4 % 
	to 
	2 % 




3.2. Previous results (latest projects)


		One of our latest projects was evidence sample analysis for forensic applications. We were investigating six samples: Sample 1 and Sample 2 were pieces of two identical knives of the same brand. Sample 3 and Sample 4 were pieces of a single knife. Sample 5 and Sample 6 were pieces of two knives from different manufacturers. All the samples had masses ranging from 2.5 to 4 grams and had approximately the same (but not identical) surface area. They were irradiated for 2 hours in 30 MeV, 2 kW electron beam. Sample activity was measured after the irradiation using high purity germanium detectors. Several gamma emission lines, corresponding to Cr, Mo, Ni, Mn, Ti, Co, Sb, and As target nuclides, were easily identified. Figure 3 shows a comparison of different element concentration for the samples that were taken from one knife blade (red), from different blades of the same brand (black) and from different brands (blue). It’s clear that pieces of a particular knife blade can easily be differentiated. PAA can clearly distinguish between different batches of same-brand knives, and therefore can be an excellent evidence match analysis tool. 

[image: ]

Figure 3. Comparative elemental analysis of the knife blades.




Figure 4. Comparative elemental analysis of fossils and matrices. 

Another recent project involved match analysis between the fossils and corresponding soil matrices. We simultaneously irradiated four samples collected from two separate locations in South Dakota - two of the samples were fossil bones and the other two samples were the rock matrices. 20 MeV electron accelerator was used to produce bremsstrahlung photons. After 5 hours of irradiation we measured gamma-activity of the samples. From which we estimated the concentration of different elements in the fossils and in the matrices (Figure 4). There is a strong correlation between two pairs of samples and elemental composition. First, some elements were only detected in one set of samples. For example, Mg, Cr, and Sm was present in both fossil and matrix belonging to the first set, but could not be detected in the second set. Some elements are present in all four samples, but their concentration correlates with the set directly. In particular, first set has higher concentration of Na, Mn, Y, Zr, and I. Second set, on the other hand, has higher composition of Br. Thus we were able to show that there is a strong correlation between the elemental composition of the fossil and the elemental composition of the corresponding matrix.

[image: ]Finally, in 2013 a set of silver coins was irradiated using 48 MeV accelerator to address the possibility of the PAA of impurities on silver matrix. The main material of the coin is silver and gold and both elements produce significant amount of gamma-lines (see Figure 5).

Figure 5. Gamma spectra of the three silver coins. They are not time-normalized, so background differs from spectra to spectra.

Despite the numerous gamma peaks due to silver and gold isotopes (Ag-105, Ag-106m, Ag-100, Au-196, etc) other isotopes were also observed, such as K-43 coming from Ca-44 and some peaks were unique, for example Sr-87m, which was present only on one coin (see Figure 6). These preliminary results allow us to predict successful use of the PAA for distinguishing gold and silver artifacts coming from different sources.
[image: ]
Figure 6. Portion of gamma spectra of the three silver coins with individual peaks being labeled. Sr-87m gamma-peak (at 388 keV) is not present in all coins.














3.3.  Proposed work

We are proposing to perform the following tasks:

1) Estimation of photon flux and prediction of activities

After the number of samples, their shape and mass is known, Monte-Carlo simulations will be performed to estimate photon flux through the samples and choose an optimum irradiation conditions, such as:

· positioning of the samples
· time of irradiation
· electron beam parameters, such as electron energy and average current

The simulations will be performed using special radiation transport software, MCNP, at the Idaho Accelerator Center computer cluster (12 nodes, 52 cores, 64GB of aggregate memory, and 108GHz of aggregate CPU power).

2) Sample irradiation and gamma-spectrometry

Once the irradiation conditions are established, samples (artifacts and ores) will be irradiated for a short time (10-30 minutes) for two purposes: do qualitative analysis of elemental composition and verify the predictions of photon flux and activities. After making sure the activities correspond to the predicted values the samples, together with the reference material, will be irradiated for 8-10 hours to maximize the sensitivity of the technique and minimize the detection limit. After irradiation, the samples’ elemental composition will be measured using high purity germanium detector. All the spectra will be stored.

3) Data analysis

Gamma spectra will be analyzed using Gamma-W software. Peaks in the spectra will be identified and concentration of each element will be calculated from the produced radioactivity.
4) Final report

All the activities will be described in details. We will provide the description of the experiment, raw spectroscopic data and a table of calculated concentrations of different elements. Error analysis will be performed and uncertainties will be included. The work undertaken as part of this proposal will be completed by May 1, 2013.
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5. Budget and Budget Justification

	Requested budget is $11,155.02 (see Table 2). It includes the following categories:

A. Wages and Fringe Benefits.  

The PI, Dr. Valeriia Starovoitova, requests 40 hours of support for:

a. Performing particle transport simulations and finding optimum irradiation conditions
b. Performing  overall supervision of the project

The fringe benefit rate at Idaho State University is 21% of wages and $713 per month for health insurance, which is prorated. 

Eric Ivy, a nuclear physics student, requests 40 hours of support for:
a. Performing sample irradiation
b. Doing gamma-spectroscopy of the samples

B. Travel Costs.  No funds for travel are requested.

C. Equipment Costs.  No funds for equipment are requested.

D. Other Direct Costs. Idaho Accelerator Center charges $250 per hour for operating electron accelerator. The samples will require 10 hours of irradiation. Direct costs also include consultant fees to Dr. Christian Segebade, a radiochemistry analytic, who requests 10 hours of support for gamma spectra analysis.

E. Indirect Costs.  The facilities and administrative costs (i.e. indirect costs) at Idaho State University are 47% of total wages for work performed on campus.
















Table 2. “Multi-element Photon Activation Analysis of Artifacts“ project budget.




	A.  Wages and Benefits
	Hourly Rate
	Number of Hours
	 

	i.  Wages
	 
	 
	 

	Dr. Valeriia Starovoitova
	$46.41 
	40
	$1,856.29 

	Student 
	$11 
	80
	$880.00 

	ii.  Fringe Benefits
	Rate, %
	 
	 

	Dr. Valeriia Starovoitova
	21
	 
	$389.82 

	Student 
	8.9
	 
	$78.32 

	iii. Health insurance
	Monthly rate
	 
	 

	Dr. Valeriia Starovoitova
	$713 
	 
	$164.54 

	Student 
	n/a
	 
	 

	Total wages and benefits:
	 
	 
	$3,368.97 

	B.  Travel Costs
	Travel Cost
	Number of Travelers
	 

	 
	 
	 
	$0.00 

	C.  Equipment Costs
	 
	 
	 

	 
	 
	 
	$0.00 

	D.  Other Direct Costs
	Rate
	Hours
	 

	25 MeV Accelerator Operations
	$250.00 
	10
	$2,500.00 

	44 MeV Accelerator Operations
	$500.00 
	0
	$0.00 

	 
	Rate
	Hours
	 

	Consultant Costs: 
	$100 
	40
	$4,000.00 

	Dr. Christian Segebade
	
	
	

	Total direct costs:
	 
	 
	$6,500.00 

	E. Indirect costs (47% of wages)
	 
	 
	$1,286.06 

	Total indirect costs:
	 
	 
	$1,286.06 

	Grand Total:
	 
	 
	$11,155.02 
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