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Introduction

Gamma-ray spectrometry is a widely used technique for the determination of radioactivity in a sample (e.g., aerosol, soil, water, etc.). The main challenge of gamma-ray spectrum analysis is the need for the rapid detection of radionuclides, which requires more efficient activity estimation methods. In line with this objective, the Poisson statistics-based spectral unmixing [START_REF] Xu | Sparse spectral unmixing for activity estimation in γ-ray spectrometry applied to environmental measurements[END_REF] has been developed as a new gamma-ray spectrum analysis tool, which allows providing a more precise and sensitive activity estimation of radionuclides.

In order to achieve a truly metrological analysis with spectral unmixing, we need two key ingredients: the first one is the determination of characteristic limits with precise statistical analysis tools, which has been thoroughly investigated in [START_REF] Xu | Analysis of gamma-ray spectra with spectral unmixing -part i : Determination of the characteristic limits(decision threshold and statistical uncertainty[END_REF]. The second ingredient, which is key to apply the spectral unmixing to real data analysis, is instrument calibration.

In contrast to the standard peak-based method, the spectral unmixing considers the full energy range of a measured gamma-ray spectrum, assuming that the spectrum is composed of M channels: x = [x 1 , ...x M ]. Denoting the spectral signatures of radionuclides by Φ = [φ 1 , ...φ N ], where N is the number of radionuclides and the background spectrum by b. The underlying detection process leads to the following model:

x i ∼ Poisson ([Φa] i + b i ) (1)
As described in [START_REF] Xu | Analysis of gamma-ray spectra with spectral unmixing -part i : Determination of the characteristic limits(decision threshold and statistical uncertainty[END_REF], the activity estimation problem is equivalent to the estimation of the mixing weights vector from an estimator that maximizes the likelihood of the above Poisson distribution, which boils down to minimizing the following neg-log-likelihood:

â = argmin a Φa + b -x log (Φa + b) (2)
where is the Hadamard product.

Such Poisson-statistics based spectral unmixing has been shown to provide a more accurate estimation of a than the peak-based spectrum analysis [START_REF] Xu | Sparse spectral unmixing for activity estimation in γ-ray spectrometry applied to environmental measurements[END_REF]. Since spectral unmixing analysis radically differs from standard peak-based analysis, designing a fully metrological analysis is not straightforward. Indeed, full spectrum analysis methods require calibrating the instrument in the full energy range. To achieve an accurate quantitative analysis, we investigate in this paper the instrument calibration adapted to the spectral unmixing procedure. More precisely, we aim to make the application of the spectral unmixing method to analyze the spectra of environmental aerosol filter measurements performed with HPGe gamma-ray detectors investigated in [START_REF] Xu | Sparse spectral unmixing for activity estimation in γ-ray spectrometry applied to environmental measurements[END_REF]. We focus on the validation of analytical procedures for spectra measured with a given detection system. (i.e., detector and source geometry), which can be virtually applied to other detection systems that provide spectra with sufficient energy resolution (e.g. NaI(Tl) or LaBr3 scintillator detectors).

The contribution of this paper is organized as follows: in Section 2, we introduce instrument calibration approaches that are adapted to the spectral unmixing algorithm. Next, in Section 3, we propose the instrument calibration steps. In Section 4, after validating the calibration steps through the analysis of a standard multi-gamma source (i.e., with known radionuclides' activities and uncertainties). We apply the proposed analysis pipeline to analyze past measurements of environmental aerosol filters samples and compare the results to those obtained with the standard method using the Genie2000 (Mirion-Canberra1 ) spectrum analysis software. Finally, Section 5 provides conclusions and perspectives of this work.

Towards instrument calibration for spectral unmixing

Given a measured gamma-ray spectrum, with peak-based analysis, the activity estimation of radionuclides is based on the detected counts in their corresponding full energy peaks, such Region of Interest (ROI) analysis is described in [START_REF] Gilmore | Statistical methods for use in proficiency testing by interlaboratory comparison[END_REF]. The full spectrum analysis estimates the activities through their detected counts in the full energy range. Both of these two procedures require the instrument calibration that relates the detected counts to radionuclides' activities. Fig. 1 illustrates an example of a gamma-ray spectrum of aerosol measurement performed with HPGe detector. Whether it is for the identification of the radionuclides or the quantification of their activities, three calibration steps need to be addressed:

• Energy calibration: In practice, the energy calibration is done at the installation with a standard source. An energy re-calibration is performed for each sample measurement using the peaks of the present natural radionuclides to correct the shift in peak positions due to the electronics drift.

• Efficiency and resolution calibration: For the quantification purpose, it is conventional to use multi-gamma sources of known activities to describe the full energy peak detection efficiency and the shape of energy peaks (i.e., resolution specified by the full width at half maximum of the peaks) as a function of energy.

As described in Section 1, in the gamma-ray spectrum mixing model, the detected counts number of radionuclides correspond to [φ 1 a 1 , ...φ N a N ], where N is the number of radionuclides. Assuming that the spectral signatures [φ 1 , ...φ N ] are known, the radionuclides' activities are therefore proportional to the mixing weights [a 1 , ...a N ]. In this context, the calibration raises two major challenges:

1. In practice, the radionuclides contained in environmental samples are rarely present in standard sources. The spectral signatures therefore need to be simulated. One primary problem of using simulated spectral signatures is to ensure that simulations reproduce the actual responses of the detection system in terms of the energy bins, the efficiency and the resolution.

2.

Another key problem is how to relate the mixing weights to radionuclides' activities. Throughout this paper, we make use of the MCNP particle transport code [START_REF] Briesmeister | MCNP: A General Monte Carlo N-Particle Transport Code[END_REF], which simulates gamma-ray spectrum and finally normalizes the spectrum by the number of source-particle histories run in the simulation process. Accordingly, each simulated spectral signature corresponds to the energy response with unit particle (i.e. one disintegration). Therefore, the estimated mixing weight of each radionuclide corresponds to its number of disintegrations. This leads to quantify the radionuclides' activities with:

ĝ = â t (3)
where â and t stand for the vector of estimated mixing weights described in Section 1 and the counting time of the measurement. The vector ĝ is respectively the radionuclides' activities in becquerel (Bq) (i.e., number of disintegrations per second).

Instrument calibration in spectral unmixing, a two-step approach

As we discussed in Section 2, the simulation of spectral signatures Φ needs to be adjusted so as to account for the accurate experimental features of the detection system (i.e. detector and source geometry). In the same spirit of standard peak-based analysis instrument calibration, we consider the energy, efficiency and resolution calibration. Indeed the spectral signatures are obtained by simulating the detector response using the MCNP "F8" pulse height tally. This is the distribution of the pulse height, and thus the total energy deposited in a cell (i.e., the crystal detector) in equal-width energy bins.

In this context, the calibration in terms of the detection efficiency and resolution can be done by adjusting the simulation configuration of spectral signatures with a standard source. Furthermore, an energy calibration refinement step of the spectral signatures is needed during the analysis, since the code MCNP performs simulated energy response in small identical width energy bins. In contrast, the energy bins of measured spectra are not identical and the function E = f (channel) are different for measurements performed with the same detection system. Fig. 2 shows an example of energy bin width of a measured spectrum and a simulated spectra. To ensure that the simulated spectral signatures correspond to energy responses at the exact same energy bins of the measured spectrum, we propose a new energy calibration refinement algorithm during the spectral unmixing analysis.

Data description

In this work, we particularly focus on processing the data produced by one of the HPGe detection systems of the IRSN/LMRE laboratory. The HPGe detector is BEGe5030 from Mirion-Canberra (60% relative efficiency, crystal dimension: h = 30mm, ∅ = 80mm). Fig. 3 

Simulations adjustment in terms of detection efficiency and resolution

The simulation of the radionuclides' spectral signatures are performed with MCNP-CP (A Correlated Particle Radiation Source Extension of a General Purpose Monte Carlo N-Particle Transport Code [START_REF] Berlizov | MCNP-CP: A Correlated Particle Radiation Source Extension of a General Purpose Monte Carlo N-Particle Transport Code[END_REF]), which simulates the physics of nuclear decay and the subsequent emissions of each radionuclide using the data from the Evaluated Nuclear Structure Data File (ENSDF) of the National Nuclear Data Center (Brookhaven National Laboratory). The total number of source particle histories run in each simulation is 10 9 within in a energy range of 20 keV to 2740 keV. The equal-width energy bins are set to 0.1 keV.

Efficiency calibration. For a given radionuclide, the simulated spectrum has one or several peaks and their associated continua. The calibration of total detection efficiency related to the number of counts in the full spectrum (i.e., peaks and continua) cannot be generated as a function of energy, since the spectral features are different for radionuclides at the same energy. Therefore, we consider the full energy peak efficiency calibration (noted as FEPE) in the full energy range with the given multi-gamma standard source.

More precisely, we aim to simulate energy responses that provide a good agreement of the FEPE for each peak of the source measurement (shown in blue in Fig. 4). Hereafter noted as efficiency. The efficiency calibration includes two steps:

• Experimental efficiencies: we firstly determine the experimental efficiencies of each peak. This is done by measuring the standard source with peak-based analysis, the efficiency of an energy peak e is determined with:

exp (e) = N p (e) A(e) × I(e) × t (4) 
where N p (e) is the number of observed counts in this full energy peak e,

A(e) is the activity of the radionuclide that emits photons at this energy, which is known for the standard source, I is the intensity of this energy peak (i.e. the number of emitted photons of the corresponding gamma-ray for 100 disintegrations of the radionuclide) and t is the counting time of the measurement.

• Efficiency calibration in simulation configurations: the objective is to calibrate the simulation detection system so that simulated detection efficiencies are close to exp values. In the settings of MCNP-CP, F8 tally (pulse height tally) specifies the energy distribution of pulses, which allows us to simulate the photon full energy peak as a Dirac by default.

Next, simulations are performed individually for each radionuclide that composes the source. Knowing that the simulated response is normalized by the number of particles run in the simulation, the detection efficiency of a full energy peak e of the simulated detection system is:

simu (e) = H(e) I(e) (5) 
where H(e) is the peak height and I(e) is the intensity according to e.

The simulation configurations are set to the dimension and material features of the detection system shown in Fig. 3. They are slightly tuned so as to provide better agreement of exp and simu . In summary, the configurations of the Ge crystal dimension is changed by removing 3mm thickness from the bottom of Ge Crystal to decrease the efficiency of the sources that emit photons at high energy and changing the dead layer of 4µm to 13µm in the top of the Ge crystal to decrease the efficiency of sources that emit photons at low energy.

By comparison, the full energy peak efficiency of radionuclides in the reference source, noted exp and the full energy efficiency calculated with MCNP-CP simulations, noted simu , the ratio simu exp at each peak energy are displayed in Fig. 5.

As a result, the full energy peak efficiency ratio shows a difference within 5 % for all the peaks, which will be taken into account to quantify the uncertainty of the measurement.

Resolution calibration in spectral unmixing. The detection resolution is an important feature of gamma-ray measurements, for which the calibration is particularly key in the analysis of HPGe measurements since the number of counts is large in the few channels of the peaks. In the MCNP-CP input file, the resolution can be specified with the Gaussian Energy Broadening (GEB) special feature, which describes the shape of energy peaks as a function of energy:

F W HM = a + b (e + c.e 2 ) ( 6 
)
where e is the full energy peak energy and FWHM represents the Full Width at Half Maximum of the peak. The parameters in the empirical model Eq. ( 6) need to be calibrated in this step.

More precisely, we measure the FWHM of different energy peaks, which leads to the experimental data points: [e, r]. e and r are the peaks' energies and their corresponding F W HM values, respectively. Then, we make use of these points to fit the empirical model in the form of Eq.( 6) to find the parameters a,b and c in the model.

Fig. 6 compares the F W HM values of the measured spectrum and those specified in the simulations. The comparison shows a good agreement of the peak width in the simulations. However, the model is less efficient to fit the peak at 21.9 keV, which is of X-ray origin. It should be noted that X-rays at low energies have larger peak width and can not be well calibrated with the empirical function Eq. ( 6). Nevertheless, spectral unmixing is usually performed for energy higher than 40 keV for gamma-ray spectral analysis of aerosol measurements, where the simulation allows to produce good spectral responses in terms of detection resolution.

Complexity of the spectral signatures. The interaction of photons, emitted by the source or coming from the surrounding background, with the lead shielding induces the emission of X-rays of Pb; this should be considered in the dictionary of spectral signatures used to unmix an HPGe gamma-ray spectrum.

Nevertheless, we are not interested in the quantification of these spectral components since they are present whatever the radionuclides present in the sample, their counting rates being only related to the total photon number emitted by the sample. An additional spectral signature is therefore considered, which is simulated for the mixture of X-rays of Pb at 72.8 keV (60 %), 75

keV (100 %), 84.4 keV (12 %), 84.9 keV (23 %) and 87.3 keV (8 %) with their respective emission intensity. The simulation is performed with MCNPX ((MCNP eXtended)) that simulates gamma-ray spectrum with specific energies;

the simulation input file uses the calibrated configurations.

Energy calibration refinement

For a measured gamma-ray spectrum, the energy calibration is practically performed by localizing peaks of known energies. In the spectral unmixing anal-ysis, the energy calibration of simulated spectral signatures raises the following practical issues:

• As the simulated spectral signatures can not be performed on exactly same energies than the measured spectrum, they need to be interpolated to the measurement energy bins.

• Estimation bias can be caused by the shift of energy between a measured spectrum and interpolated simulated spectral signatures.

To overcome these problems, we propose to use interpolations of simulated spectral signatures in a high resolution domain corresponding to responses in smaller energy bins. Then, we propose a calibration refinement step that allows correcting the energy shift due to the interpolation. The aim of using a high resolution domain is to precisely determine the energy shift.

In this problem, we define two sampling operators as follows:

Φ = HΦ hr , Φ hr = LΦ (7) 
where Φ and Φ hr represent spectral signatures respectively in actual energy domain and high resolution domain. Note that E and E hr are energy bins of Φ and Φ hr . The operator H and L correspond to the sampling operators of E hr → E and E → E hr respectively.

More precisely, the energy calibration refinement for the analysis of the mentioned standard source is described as follows:

Step 1: Interpolation of simulated spectral signatures. In the MCNP simulation process, the energy bin width of simulated spectra is set to an interval of 0.1 keV (i.e., simulation of energy responses at each 0.1 keV). To analyze a measured spectrum, these spectral signatures need to be interpolated into the measurement energy bins. As illustrated in Fig. 7, simulated spectral signatures Φ simu are first interpolated into high resolution energy bins (see illustration in Step 2: First activity estimation. By using Φ r , the measured spectrum

x and the background b are known. The spectral unmixing provides a first estimation of activities, which is denoted as âr . The energy shift is illustrated in Fig. 8 for a single peak. This energy shift varies in the full energy range.

Therefore, we propose an energy refinement algorithm by using the available energy values of peaks.

Step 3: Quantification of energy shift. We aim to fit an energy refinement function from K peaks, noted [e 0 , ...e K ], for which the energies are known. To estimate the energy shift of each peak, we propose to seek the optimal shift value in a given range. More precisely, we define a maximum number of shift step in the high resolution domain, which is fixed to N max = 15 (i.e., shift the spectrum to left or right with maximum 15 energy bins in the high resolution domain, which is according to 0.15 keV in our simulated response). As illustrated in Fig. 9, we shift the spectrum of the a peak region with respect to n step, while n < 0 implies that we we shift the spectrum to left and n > 0 inversely. Therefore, the energy shift of a peak can be obtained with the shift n that minimizes the estimation residual in the peak region. The details are given in Algorithm 1.

Algorithm 1 Energy shift determination for the i th peak for -N max < n < N max do shift n step for Φ hr , we obtain Φ hr calculate the quadratic residual:

r = channels in the i th peak x -b -HΦ hr âr 2 2
end for

• Select the shift step n that minimizes the residual r

• The energy shift ∆ i e = nδ e , (δ e = 0.01 keV is the energy bin in high resolution domain in this experiment)

Step 4: Energy correction function fitting. Once the energy shift of the peaks have been determined in step 3, we can perform the energy correction by fitting a polynomial function of degree 3 to the peaks energies. This empirical choice is motivated by the fact that, using 2 degree polynomial leads to underfitting and fitting with a more than 3 degree function do not provide better results and likely yields over-fitting.

It is of interest to extract more information from the peaks that are better distinguished from other spectral contributions. Therefore, we propose to recalibrate the spectral signatures' energy by solving the following weighted least squares problem that aims to fit a polynomial function with c 0 , c 1 , c 2 , c 3 .

min K i=1 w i e i + ∆ i e -(c 0 + c 1 e i + c 2 e 2 i + c 3 e 3 i ) 2 (8)
where e i is the photon energy of the i th peak, e i + ∆ i e is the target energy of the i th peak, and K is the number of peaks used in this calibration step. The weight of each peak is computed as follows:

w i = 1 channels in the i th peak m (9) 
m is the equivalent background with respect to other spectral contributions with the exception of the radionuclide that emits photons at the i th peak.

To overcome this problem, we can write the coefficients with a vector c = [c 0 , c 1 , c 2 , c 3 ], by considering the following matrix form:

• Vector e = [e 1 , ...e K ] is the photon energies of the K peaks

• Matrix of variables in the polynomial function noted as:

V =           1 e 1 e 2 1 e 3 1 . . . . . . . . 1 e K e 2 K e 3 K          
• Vector energy shift of peaks: ∆ e = [∆ 1 e , ...∆ K e ] quantified in step 3.

• Weights matrix Σ = diag (w 1 , ...w K )

The coefficients can be calculated by solving the following problem:

argmin c Σ -1 e + ∆ e -V c 2 2 (10)
which leads to:

c = V T Σ -1 V -1 V T Σ -1 (e + ∆ e ) (11) 
Finally, the corrected spectral signatures Φ can be obtained by interpolating the corrected energy bins (High resolution domain) at the energy bins of the measurement.

Φ f = H c 0 + c 1 E hr + c 2 E 2 hr + c 3 E 3 hr
where H is the sampling operator described in Eq.( 7), and Φ f is the final re-calibrated spectral signatures.

To evaluate the proposed energy refinement algorithm, the estimation residual is compared to results before and after energy correction. These residuals, which are normalized by the observed counts, are displayed for several peaks in Fig. 10. This result highlights that the energy shift correction improves the spectral unmixing, which has significant benefits by reducing the estimation residual in peak regions of the spectrum. For the analysis of HPGe gamma-ray spectrum, where the counts in peaks regions are dominant, we can especially benefit from a significant improvement from this energy refinement step.

Experiments on aerosol measurements

In this section, we aim to first validate an analysis pipeline including the proposed calibration steps and characteristic limits assessment introduced in [START_REF] Xu | Analysis of gamma-ray spectra with spectral unmixing -part i : Determination of the characteristic limits(decision threshold and statistical uncertainty[END_REF]. This is done by analyzing the spectrum of the standard source measured with the calibrated detection system, in which the radionuclides' activities and associated uncertainties are known. Next, we apply this analysis pipeline to real data and compare the results with those obtained with standard peak-based analysis.

Uncertainty budget

Before proceeding with the spectral analysis, the main practical problem comes from the uncertainties of the measurements, which contain both statistical uncertainties related to the estimation procedure and metrological uncertainties related to the material and the instrument calibration. In practice, the uncertainties of the results are determined from the probability that the estimated activity is contained in an interval based on a given p-value γ, where γ = 0.05 is usually taken into account. More precisely, the standard deviation of the activity estimation noted as σ, the uncertainty is according to 2σ for the Normal distribution assumption (i.e. k=2). For this purpose, we make use of the relative uncertainties defined with:

u = 2σ ĝ ( 12 
)
where ĝ is the estimated activity.

We establish an uncertainty budget by using the spectral unmixing, which contains the following uncertainty terms:

• In [START_REF] Xu | Analysis of gamma-ray spectra with spectral unmixing -part i : Determination of the characteristic limits(decision threshold and statistical uncertainty[END_REF], we propose to assess the statistical uncertainty from Fisher information matrix of the estimated mixing weights:

I(â) = Φ T diag x (Φâ + b) 2 Φ (13)
The standard deviation of the maximum likelihood estimation distribution is approximated with the diagonal elements of I(â) -1 .

This uncertainty term is calculated with:

u stat = 2σ f â
where σ f and â stand for the standard deviation calculated from Fisher information matrix and the estimated mixing weights respectively.

• As previously investigated, spectral signatures Φ are calibrated with a relative uncertainty of 5%, noted as u calib

• The uncertainty of the standard source that used for the calibration:

u source = 5%.
• The uncertainty to take into account the variation of the sample position, for which we take the same value as considered in Genie 2000 analysis in the laboratory u sample pos = 2%.

• The uncertainty associated with the variation of the detector u detector = 4%.

Assuming that these uncertainly terms are statistically independent, the measurement uncertainty can be evaluated with the combination of these uncertainty terms:

u = u 2 stat + u 2 calib + u 2 source + u 2 sample-pos + u 2 detector (14)

Analysis validation with the standard source measurement

As a result, the activity estimation carried out with the Poisson based spectral unmixing are compared to the reference activities given by the source in Table 1. To further evaluate the results, we make use of the zeta-score (ζ score ) described in ISO 13528, which evaluates the results obtained with spectral unmixing by measuring its distance from the reference values normalized as a standard normal distribution.

ζ score = ĝ -g ref σ 2 + σ 2 ref ( 15 
)
where ĝ and σ are the estimated activity and the standard uncertainty (according to k = 1 of Eq.( 14)), g ref and σ ref represent the activity and uncertainty (k = 1) of the reference source.

As reported in Table 1, the ζ score assessed for radionuclides of the standard source satisfies the following criteria:

• |ζ score | ≤ 2 indicates "satisfactory" • 2 ≤ |ζ score | ≤ 3 indicates "questionable" • |ζ score | ≥ 3 indicates "unsatisfactory"
The evaluation of the spectral unmixing analysis with the standard source allows drawing the following conclusion: the activity and uncertainty estimation with the spectral unmixing method is able to provide quantitative analysis that are close to the reference values. It can be used to analyze the aerosol measurements performed with the same detection system.

Re-analysis of aerosol measurements

Analyzing environment radioactivity measurements is particularly challenging when the activity of low-level radionuclides needs to be estimated with high accuracy and high sensitivity. We make use of the proposed spectrum analysis pipeline of the Poisson based spectral unmixing to re-analyze past measurements of environmental samples (aerosol filter) performed with the calibrated detection system. The spectrum of a typical aerosol measurement is shown in Fig. 11, which mainly consists of: 7 Be, 22 Na, 40 K, 137 Cs, 210 Pb.

The uncertainty terms to analyze spectra performed with the calibrated detection system has been assessed in Section 4.1. To analyze aerosol measurements, another uncertainty term associated with the variation of the pressed filter needs to be taken into account in the uncertainty budget. More precisely, due to the preparation process of aerosol samples, the thickness and the density of the pressed filter samples are different than those of the standard source, which leads to variations of the detection efficiency. More precisely, to analyze the aerosol measurements, we make use the spectral signatures simulated with the median values of the thickness and the density of aerosol filters of past measurements to better reproduce the detector response. An uncertainty term of u sample = 4% of the source geometry variation is added in the resulting activities of the spectral unmixing, i.e., combining with other uncertainty terms in Eq.( 14), which leads to:

u = u 2 stat + u 2 calib + u 2 source + u 2 sample-pos + u 2 detector + u 2 sample ( 16 
)
Applying to analyze 67 aerosol spectra, which have been measured during the past two years with the aforementioned calibrated HPGe detector. The investigated spectral unmixing analysis tool allows to provide the results as follows:

• The radionuclides' activities in Bq along with their associated measurement uncertainties.

• Decision threshold of each radionuclides derived from statistical test introduced in [START_REF] Xu | Analysis of gamma-ray spectra with spectral unmixing -part i : Determination of the characteristic limits(decision threshold and statistical uncertainty[END_REF] with α = 0.025, which is also considered in the standard method Genie2000.

For a comparison purpose, we focus on the activity estimation of 7 Be, 22 Na, The ratio of activity estimations of the two methods shows that:

• For 7 Be and 210 Pb, the estimated activities with the spectral unmixing are systematically lower than those obtained with Genie 2000. Recall that Genie 2000 determines radionuclides' activities with an efficiency curve calibrated from the standard source measurement. The efficiency performed with the source geometry is systematically less efficient than routine measurements since the source's thickness and density is systematically larger then the aerosol filter samples, whereas this variation is taken into account in spectral unmixing. In the proposed spectral unmixing analysis, the spectral signatures are simulated with the median values of the geometries' thickness and density.

• For the analysis of low-level radionuclides, the spectral unmixing provides larger activities than Genie 2000. This can be explained by some overestimation with spectral unmixing or under estimation with Genie 2000 at low statistics. Indeed the analysis method has been validated with a standard source with activities of tens or hundreds of becquerel, while activities of 137 Cs are usually in the order of tens of millibecquerel, even only few millibecquerel. For further validation of low-level radionuclides' quantification, low activity sources of known activities are needed.

Furthermore, we compare the activity estimation of the two methods by considering the radionuclides' activities and their associated uncertainties. 

Conclusion

In this paper, we investigated new instrument calibration methods for the quantitative analysis of experimental aerosol measurements with HPGe gammaray spectrometry with spectral unmixing methods. Along with the determination of characteristic limits with approaches proposed in [START_REF] Xu | Analysis of gamma-ray spectra with spectral unmixing -part i : Determination of the characteristic limits(decision threshold and statistical uncertainty[END_REF], this allows to make use of the Poisson-statistics based spectral algorithm as a metrological analysis tool.

More precisely, instrument calibration procedures of the spectral unmixing are proposed to analyze HPGe measurements using MCNP-CP simulated spectral signatures. To summarize, the quantitative analysis with a given detection system is performed with the following calibration tasks: i), in the simulation process, the efficiency and the resolution are calibrated so that the simulated spectral signatures can reproduce the actual energy response of the detection system. Furthermore, the measured spectrum need to cope with the spectral contributions due to the specific installations of the detection system (e.g., lead shielding) by adding a spectrum into the spectral signatures' dictionary, ii),

an energy calibration refinement step is proposed to correct the energy shift between energy bins of the simulations and the measured spectrum.

The proposed calibration procedures are evaluated and validated for a detection system with a multi-gamma standard source of known activities. The aerosol measurements performed with this calibrated detection system are subsequently analyzed with the proposed analysis pipeline (characteristic limits assessment proposed in 
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 7 Fig. 7-a), with 10 energy bins in one channel (i.e., energy responses at each 0.01 keV). Then the high resolution spectral signatures Φ hr are interpolated into measurement energy bins (see illustration in Fig. 7-b), noted Φ r .

  40 K, 137 Cs and 210 Pb resulting from the Poisson-based spectral unmixing and Genie 2000. Fig. 12 illustrates the distribution of the ratio of activities estimated with the two methods: Poisson based spectral unmixing and ĝ2 for Genie 2000.

  Fig. 13 displays the activities estimated with Genie 2000 as a function of those estimated with Poisson based spectral unmixing, where the error bars represent the uncertainties of the results. The activity unit in these results is mBq ± uncertainty (k=2). The figures show that the error bars box (red) includes the uncertainties of the results is comparable with the line of y = x (blue) for 7 Be, 40 K and 210 Pb. For 22 Na and 137 Cs of very low-level activities, the error bars boxes are under the line of y = x. The results confirm that the spectral unmixing tends to systematically provides larger activity estimation comparing to the Genie 2000.To interpret the results, the Genie 2000 is likely to over estimate the background when the number of counts in the peak region is low. It should be noted that for the aerosol measurements, no standard source are available, to further validate the comparison of these methods in terms of quantification, reference sources of low-activity radionuclides are needed.Next, we focus on the sensibility of the Poisson spectral unmixing analysis to detect the 137 Cs at trace level.
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 12 Fig. 1: Example of gamma-ray spectrum of aerosol measurement performed with HPGe detector.
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 3 Fig. 3: MCNP-CP simulation model of the detection system.
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 4 Fig. 4: Measured gamma-ray spectrum of a multi-gamma standard source, which contains 51 Cr, 57 Co, 60 Co, 85 Sr, 88 Y, 109 Cd, 113 Sn, 137 Cs, 139 Ce, 210 Pb, 241 Am. Peaks for calibrations are shown in blue.
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 5 Fig. 5: Ratio between simulated efficiencies and the experimental efficiencies for full energy peaks, different scatters for radionuclides within the source.

Fig. 6 :

 6 Fig. 6: The resolution fit versus energy. Comparison of F W HM of peaks measured with the standard source and those of fitted simulation model, as well as their ratio.
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 8 Fig. 8: Energy shift of the spectral unmixing compared to the measured spectrum, where x is the measured spectrum and Φr âr + b is the estimated model with step 2.
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 9 Fig. 9: Illustration of energy shift quantification.
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 1013 Fig. 10: Evaluation of energy calibration in zoomed peak regions, with respect to estimation residual normalized by the observed counts: x-Φa-b x . The residual before correction and those obtained after correction are display in points (red) and cross (green) respectively

Fig. 14 :

 14 Fig. 14: Results obtained with Poisson based spectral unmixing. Activity ± uncertainty of 137 Cs (blue), the decision threshold (red).

  

  

  

  shows the MCNP simulation model of the actual detection system. It should be noted that the instrument calibration that we investigate in this work can also be applied to other detection systems for the activity quantification. The calibrations are carried out with a multigamma standard source of known activities, which contains 51 Cr, 57 Co, 60 Co,85 Sr, 88 Y, 109 Cd, 113 Sn, 137 Cs, 139 Ce, 210 Pb, 241 Am. The source dimensions

	are h = 4.64mm, ∅ = 52mm and it is contained in a 10 mL container. The
	gamma-ray spectrum measured for this source is shown in Fig. 4.

  Table2reports the activity estimation of 137 Cs for 6 of the 67 measurements, for which the 137 Cs is not detected with Genie 2000 but with the Poisson based spectral unmixing. To better illustrate the results, the resulting activities are compared to the decision threshold in Fig.14,

	radionuclide 137 Cs increases to 100% from about 80% thanks to the spectral
	unmixing analysis, which is a significant improvement in the environmental
	monitoring work. This allows us to constitute new measurement procedure
	with lower counting time thus the rapid detection of artificial radionuclides
	under emergency conditions.
	which shows that the detection of 137 Cs of these 6 measurements is significant
	comparing to the decision threshold, whereas the results are non-significant
	with Genie 2000. The result further confirms the sensibility of the spectral
	unmixing analysis in real data analysis. The detection rate of low-level activity

Table 1 :

 1 Results of the standard source analysis with Poisson based spectral unmixing (Bq).

	Xu et al. (2021) + calibrations). The results are com-
	pared to those obtained with Genie 2000 analysis. In conclusion, the Poisson-

Table 2 :

 2 Activity (µBq/m 3 ) of 137 Cs analyzed with spectral unmixing for measurements when 137 Cs is not detected with Genie 2000. Uncertainties are assessed with k=2 (2σ), DT = decision threshold.

https://www.mirion.com/products/genie-2000-gamma-analysis-software