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Abstract —Dust loading on air sample filters is known to cause a loss of efficiency for direct connting of alpha activity
on the filters, but the amount of dust loading and the correction factor needed to account for attennated alpha particles
zs difficult to assess. In this paper, correction factors are developed by statistical analysis of a large database of air
samiple results for a uraninm and plutonium processing facility at the Savannah River Site. As is typically the case,
dust loading data is not directly available, but sample volume is found to be a reasonable proxy measure; the amount

of dust loading s inferred by a combination of the derived correction factors and a Monte Carlo model.

The technigue compares the distribution of activity ratios (beta/ (beta + alpha) by volume and applies a range of
corvection factors on the raw alpha count rate. The best-fit results with this method are compared with MCNP
modeling of activity uniformly deposited in the dust and analytical laboratory results of digested filters. A linear fit is
proposed to evenly-deposited alpha activity collected on filters with dust loading over a range of about 2 mg-cm” to

1000 mg-cni”.
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INTRODUCTION

Occupational airborne radioactivity monitoring at the Savannah River Site (SRS) covers a range of
facilities and source terms including actinide processing and storage, high level nuclear waste storage
and treatment, as well as a variety of laboratory facilities. Data from the air sampling program has
been compiled over a period of 13 years into a database containing over 800,000 results at the time
of evaluation. The total for this evaluation was a subset for a uranium and plutonium processing
facility containing 297,349 sample results. Most of the air sample results (55%) show no activity
above background. The beta activity is predominantly from fission products, ”’Cs and *’St/™Y.
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The results span a large range of volumes, up to 1500 m’on 47 mm diameter glass fiber filters.
Samplers are routinely run at a flow rate averaging 0.0566 m’ min"'. Sample collection frequencies
occur at various intervals such as twice per week, weekly and biweekly. Sample collection frequency
can be impacted by personnel scheduling, facility operations and cost-saving efforts intended to
reduce the numbers of samples counted.

Counting alpha radioactivity on air filters depends on many parameters that can impact the alpha
particles reaching and being counted by the detector. In a typical low level alpha/beta gas
proportional counting system’, a successfully counted alpha particle has to have a trajectory out of
the filter in the direction of the detector. It must retain enough energy to get through a window, if
applicable to the counting system — the Canberra 5 XI.B used on these samples includes a window
that is 80 pg'cm™ thick — and have enough energy to be recognized as alpha radiation, rather than
beta or photon radiation.

Previous studies on alpha activity on air sample filters have highlighted a range of factors that affect
counting results. Filter penetration issues have been studied by Billard et. al. 1967, Higby 1984,
Luetzelschwab et. al. 2000, and Geryes et. al. 2007, 2009-a and 2009-c. When a particle is embedded
in a filter, alpha particles may be attenuated before they get to the detector. These studies, and
Geryes 2009-b, were used to develop the Monte Carlo model in this study for lightly loaded air
samples.

The mass of a host dust particle provides another attenuating effect. For example, a large dust
particle of 5 um aerodynamic median air diameter (AMAD) has more self-attenuation than a small
dust particle of 1 pm AMAD. Pickering 1984, Huang et. al. 2002 and Geryes et. al. 2008 and Geryes
2009-a discuss loss of efficiency due to particle size. Since this study does not distinguish correction
factor by particle size, the effect of this self-attenuation is captured, along with filter self-absorption,
in the ratio to analytical laboratory results discussed below.

Dust loading on the filter often provides the most significant attenuation, as is the case with the
samples analyzed here. Overall corrections for dust loading are covered in Barnett et. al. 2009,
Geryes et. al. 2009-a, 2009-b and 2011. The difficulty of assessing dust loading by direct
measurements of samples is discussed in Barnett et. al. 2009.

Sample representativeness and collection efficiency (Hinds 1999, Maiello and Hoover 2011, Whicker
2003, Hogue et. al. 2014) are separate issues, beyond the scope of this paper. Reductions in
collection efficiency due to filter clogging (Hinds 1999) must be mentioned at least as a contributor
to the uncertainty in the slope of the correction factors, and conversion from total flow to dust
loading in Figure 3.

“ The Savannah River Site is using Canberra Series 5 XILB Automatic Low Background Alpha
/Beta Counting System, User Manual # C39349, Canberra Industries; November 2013.
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The goal of this paper is to develop correction factors based on trends in alpha and beta activity that
are observed with larger collection volumes. It starts with the tentative assumption that since the air
samples are collected in a facility with a reasonably consistent set of radionuclides present, the
expected distribution of alpha and beta activity should be similar unless affected by the larger
volumes. Correction factors are sought that will account for attenuation of alpha particles in the dust
layer that grows thicker with longer sample volumes. Proposed correction factors are tested based
on their success in producing a match of the distribution of activity ratios in a select population of
higher volume samples to the distribution of activity ratios of the base, low volume samples. A
goodness of fit test (Gareth et. al. 2013) is used to check the corrected activity distribution against
the base distribution.

Monte Carlo modeling of ¥py particles in air sample filters with varying layers of dust was
performed using MCNP 6 (Goortley et. al. 2012). This modeling was used to estimate the dust
loading in the sample results.

Validity of the correction factors derived here depend on key assumptions. These assumptions are:
1) Radioactivity is deposited uniformly over time. 2) The mass concentration and elemental
composition of the dust are consistent. 3) The distribution of sources of radioactivity (e.g. actinides
and fission products) collected on the samples is the same over time. Situations that would cause
these correction factors to be inaccurate include: 1) Higher air activity early in the collection period
would be masked by later deposits, causing a low bias, while higher air activity late in collection time
would cause a high bias. 2) A change in facility operation or environmental condition such as dust-
producing activities, fires, grinding, etc., could produce variations in the quantity and attenuating
quality of the dust. 3) Facility operations can vary, releasing more or less of a particular radionuclide.
Despite the variability in the overall sample population, application of the correction factors
plausibly matched the distributions of air activity ratios of low volume samples to sample
populations from a large range of higher volume samples.

MATERIALS AND METHODS

Air sample data was collected from the database relating to a uranium and plutonium facility. The
counting data was restricted to samples that were decayed greater than five days (to avoid the
influence of *’Rn decay progeny). Bayesian estimates of alpha and beta activity were used (Strom et.
al. 2012, Labone and Chalmers 2014). Alternative treatments, such as censoring zero alpha count
data points (which includes two thirds of the samples) were evaluated, and found to have no impact
on results.

A ratio was computed for each sample by dividing the beta activity by the sum of uncorrected alpha
and beta activity. This ratio provided a metric with a convenient range from 0 to 1. As alpha
particles are removed by excess dust, the ratio moves to a higher proportion of ratios close to 1
(Figure 1). The ratio results were partitioned into volume categories corresponding to sampling
intervals. Figure 1 provides a boxplot of the ratios. The center horizontal line of each box is the
median, the first and third quartile lines form the bottom and top of the box, and the extending
vertical lines provide a measure of the range of data below and above the first and third quartiles.
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The method of estimating the additional correction factor for excess dust loading is to match the
distribution of the ratio described above (beta activity to the sum of the beta and alpha activity)
from the higher volume samples to the lowest volume samples. As the volume increases, the
distribution of the beta/(beta + alpha) ratio changes dramatically. The top two charts in Figure 2
provide comparative distributions before correction. As alpha particles are lost to dust loading, there
are fewer alphas in the denominator of this ratio. The method assumes that the true distribution of
the beta/(beta + alpha) ratio is best represented by the low volume sample set because there is little
alpha attenuation. The distribution can be “restored” by the application of correction factors to the
alpha activity in the higher volume samples. There is little beta attenuation because the predominant
beta activity is from either “’Sr/™Y or '*’Cs, both of which produce beta particles with energies high
enough to be relatively unattenuated by the dust layer.

The adjusted distributions are compared to the low volume distribution with a goodness of fit test
and the R” statistic (Gareth et. al. 2013) is computed. The highest R*value is used to select a
correction factor. Figure 2 bottom left shows the corrected distribution, while bottom right shows
the ratings of the other correction factor candidates.

The statistical analysis derives the correction factor with respect to volume (due to dust loading), but
not the overall correction factor. The overall correction factor is obtained by scaling the dust loading
correction factors by analytical laboratory results of lightly loaded samples and validated Monte
Carlo simulations. The analytical laboratory dissolved the filters in acid, evaporated the liquid and
counted a small enough extracted amount of the residue to avoid self-attenuation. These samples
were then analyzed by alpha spectroscopy.

Monte Catlo simulations are performed using an MCNP model. To develop the MCNP correction
factors, results are scaled against an ideal filter with all activity on top of the filter, with no
attenuation from the filter or any dust loading. At early stages of sampling, when the dust loading is
between 0.1 mgcm”and 0.3 mg*cm?, radioactivity is simulated to deposit at a depth distribution
based on Geryes 2009-b. Dust particle dimensions are not modeled. Specifically, of the options
provided in this reference, the data relating 3.7 pum AMAD particles, deposited in a glass fiber filter
at 1 m's” were selected. Modeled activity depths in the filter are provided in Table 1. The elemental
composition of the model includes glass for the filter (elemental composition defined in Higby
1984), including light dust loading, and ordinary concrete (predominantly oxygen and silicon), for
surface loading (elemental composition of “ordinary concrete NBS 04 defined in McConn et.al.
2011). The concrete definition was selected because it may be a true cause of dust in the bare,
concrete-walled facility, but it would also be a reasonable approximation for silica clay dust.

The light dust loading details are not particularly important for establishing correction factors for
higher levels of dust loading, but these results help validate the model; comparative models and
studies of actual filters match the trends in results in this range (Geryes 2009-a,-c, and 2011).
Specifically, the increase in correction factor between 0.1 and 0.3 mg*cm™shown in Table 2 is
followed by a slight decrease, corresponding to typical filter behavior in which the filter is loaded at
depth before surface loading begins. The MCNP model was further validated by comparing to an
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internal SRS study of alpha counts at various layers of polyethylene terephthalate’. The counting
system used on the samples is combined alpha and beta with a discriminator setting. Alphas crossing
the surface into the detector in the MCNP model were counted if they had at least 1.7 MeV energy
to distinguish them from betas.

RESULTS
Figure 3 plots the results of the statistically derived correction factors (solid circles) and correction

factors derived from the MCNP model. A solid line provides the results of a linear fit between 227
m’ and 1024 m’.

The MCNP results are added to Figure 3, with the 9 mg'cm™x-coordinate set equivalent to 1000 m’.
The MCNP results are shown as a dotted line consisting of a straight-line plot between 19 simulated
levels of dust loading, starting at 0.1 mg'cm™. The local maximum in the MCNP model is due to the
early buildup of material in the filter, followed by later buildup on the top of the filter. When the
activity begins to deposit on the top of the filter, alpha attenuation is briefly reduced since these
most recent additions do not have to pass through the filter. With additional volume, the dust layer
gets thicker on top of the filter, and eventually, the dust loading exceeds the maximum alpha range.
The straight line starting point suggests that only alpha particles originating in approximately the top
2 mg'cm” of the dust layer are counted.

The linear regression is performed with R (R Dev 2010), and is shown for both the volume and areal
density units (R*=0.94). To account for the match-up of the MCNP data (which was based on
known mass of dust loading) to the volumetric sample data, a mass concentration in the collected air
is implied. The mass concentration was estimated to be 156 pg'm?, based on scaling of the MCNP
results. This is computed by dividing the mass on the filter (areal density multiplied by the filter area
(pt times the 47 mm diameter squared)), then dividing by the volume. This computation is:

(9 mgrcm™x 1000 ug'mg” x (n x (4.7 cm/2)%)/1000 m’

Figure 3 shows three distinct regions of interest. At the low level, correction factors do not have a
linear relationship with dust loading; the correction factors start at a low level, then increase to a
short plateau. At around 200 m’, correction factors begin increasing linearly with volume. At greater
than around 1000 m’, the calculated correction factor remains about the same.

The correction factors in Figure 3 have been adjusted to start from a base of 1.2. This factor
accounts for all other needed corrections including attenuation by the filter and particle self-
attenuation. The factor of 1.2 is based on analytical laboratory results of lightly loaded samples,
around 200-300 m’. These samples were dissolved to eliminate attenuation issues and resulted in
ratios to the filter counting system results at a ratio of around 1.4.

The resulting correction factors are:

T Internal SRS document, Dailey AE, Hadlock D], ESH-RPS-2007-00163, Ajpha Attennation Due to Dust 1.oading, August
2007.
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1) At dust loading levels less than 11.1 m’, (less than 0.1 mg*cm™®), the correction factor is 1.2.
2) At dust loading levels greater than this minimal loading but less than 185 m’, (less than 1.7
mg-cm™), the correction factor is 1.4.
3) At volumes between 185 m’ and 1024 m’, (1.7 mg'cm™ to 9 mg'cm™), a linear formula is
provided to compute correction factors:
cf=0.744 + 0.003533 x Volume (m’)
-or-
cf = 0.744 + 0.39255 x dust loading (mg*cm™).
4) Samples with volumes greater than 1024 m’, the correction factor is greater than 4.4.

Uncertainties in the derived correction factors are based on volume. They do not include the
uncertainties in the volume and activity measurements and are based on the standard error of the
linear regression in the linear portion of Figure 3. All uncertainties are presented at 1 o. The slope
has an uncertainty of 5.6%. The intercept uncertainty is 17%. The effect of these uncertainties,
evaluated on the linear portion, provides a combined uncertainty of 11% at 227 m’, decreasing
gradually to 7.6% at 1024 m’.

Uncertainty in converting the volume to dust loading may be estimated based on Type B
uncertainties in modeling (Taylor and Kuyatt 1994). The uncertainty in the MCNP model, including
the energy cutoff at 1.7 MeV, but excluding the dust composition, is roughly estimated at 5%. The
dust loading material uncertainty is estimated to be 3% based on rerunning the MCNP model with
elemental composition of the dust changed from concrete to air. This had a maximum effect,
reducing the counts by 6%". Combining these two uncertainties results in a 1 ¢ uncertainty of 5.8%.

DISCUSSION

The linear range of Figure 3 represents steady-state sampling. In this range, a new layer of
radioactive dust is being added which attenuates an equal layer of radioactive dust sampled earlier.
The result is a constant alpha count rate over the linear range which requires a correction factor that
increases consistently with the dust loading rate.

While the correction factor should be applied to high dust loading situations, it is crucial to realize
that some data may be lost and that more recently collected particles will be much better represented
than the particles collected earlier. If practical, it is much better to sample below the linear portion of
Figure 3. Filters cannot be loaded indefinitely as demonstrated by the loss of material. The samples
in this data set appear to have a maximum loading of around 9 mg'cm™. Those experienced with
collecting dusty samples will anecdotally attest to the visible loss of sample at collection time.

The dust loading is relatively high in the selected samples for a number of reasons. Air samples that
have significant alpha activity are most likely from radiological areas that have limited access for

¥ A hand calculation based on Equation 5.21 of Cember 2009, in which the square roots of the effective atomic masses
of the two compounds were used to estimate effective ranges, would have predicted an increase of 23% instead of the
decrease of 6%.
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cleaning. The facility was built in the 1950’s, has bare concrete walls, and surfaces such as overhead
piping and cable chases that are difficult to access, combined with fairly high ventilation rates. These
conditions provide sufficient dust resuspension for the derived mass concentration of dust, 156
ug'm’, to be credible. This level of dust loading is in the range of air samples that were evaluated at
SRS in predominantly nonradiological areas in 2010°.

The statistical technique to derive correction factors provided reasonable results. Application to any
other scenario has not been evaluated. Uncertainties described above are intended to provide the
best available estimate of the correction factors evaluated for the data set, but should not be
expected to apply to specific sample results.

CONCLUSION

A large set of air sample filter count data from a uranium and plutonium facility was evaluated based
on the distribution of beta to total beta plus alpha activity in each sample compared to the volume
of air recorded for each sample. A set of correction factors was developed based on this distribution.
Comparison of the set of correction factors to what is known about the dust levels in the facility and
Monte Carlo modeling provides corroboration of the results.
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Figure Captions:

Figure 1: Distribution of activity ratios in a uranium and plutonium processing facility.

Figure 2: Matching activity ratio distributions by applying dust loading correction factor.

Figure 3: Derived dust correction factors by volume (m’) and dust loading areal density (mg*cm™).
Note: vertical axis begins at 1.2 mg*cm™.



Range

Maximum abpve Activity

Depth  Maximum Fraction
(cm) Depth
(cm)

0.00434 0.00434 0.694444
0.00803 0.00369 0.138889
0.01147 0.00344 0.044192
0.01509 0.00362 0.022096
0.01878 0.00369 0.017045
0.02301 0.00423 0.015783
0.02725 0.00424 0.012626
0.03093 0.00368 0.012626
0.03461 0.00368 0.012626
0.04841 0.0138 0.029672

Table 1: MCNP model activity depth in filter



Top Layer

Total Dust, Dust Corrf.:crion Factpr =
(mg-cm2) (rng'cn;‘z) Ratio to Baseline

0 (baseline) 0 1.000
0.1 0 1.322
0.2 0 1.356
0.3 0 1.393
0.4 0.1 1.305
0.5 0.2 1.263
0.8 0.5 1.235
1.2 0.9 1.267

2 1.7 1.417

2.5 22 1.555

3 2.7 1.718

3.5 32 1.924

4 3.7 2.169

4.5 4.2 2.429

5 4.7 2.686

6 5.7 3.203

7 6.7 3.700

8 7.7 4.201

9 8.7 4.705

Table 2: MCNP air sample filter alpha count results
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