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Preface

This sourcebook is primarily a collection of my published papers on particulate air monitoring. The papers have been re-
formatted but have the same content as the published versions, although a few small corrections or clarifications have been
made. There is some redundance in the material across the chapters. There is also a considerable amount of unpublished work
here, notably the chapter on geometric efficiency correction and the chapter on reactor coolant leakage rate estimation. It is
important to recognize that this book does not deal with topics such as pump specification, or line loss estimation, or how to
adjust the detector high voltage, etc. Some of the material is still unpolished or incomplete; the document will be updated from
time to time to clean up and complete the work.

Consider the processes in an air monitor. Air is pulled through a collection medium, which is viewed in real time by a radiation
detector. The output of that detector is a random stream of pulses. Somehow that random sequence must be converted into an
estimate of the countrate. With this in hand, the next process is to somehow convert that countrate estimate into an estimate of
the input to the monitor, namely, the time-dependent air concentration of a nuclide. The latter step is impossible without some
form of mathematical model that relates the input (air concentration) to the output (net countrate) of the monitor. Thus, the
subject matter of this book is primarily the mathematical modeling of continuous particulate air monitor time-dependent
responses. These models can, in some cases and under certain assumptions, be inverted to provide an estimate of the input
concentration, or quantities related to it, such as its time integral.

This sourcebook also provides a collection of selected algebraic solutions for the monitor response models, as well as some
Mathematica code that can provide purely numerical calculation of monitor responses, independent of the algebraic solutions.
This is an important point, namely, that evaluating the math herein, e.g., triple integrals, by hand, is not necessary, nor are any
sort of approximations to bypass those calculations needed. Just use Mathematica.

There is some limited material here on air sampling, which of course is related to, but quite different from, air monitoring.
Expressions are provided for the analysis of decay-chain nuclides in air sampling.

An important point is that my original monitor-response models assumed a constant or “flat” detection efficiency across the
deposition window. This is incorrect, since the geometric efficiency will vary with the position of a differential area in that
window. This problem is addressed in Chapter 6, where a relatively simple solution is presented, along with Mathematica code
for evaluating an effective "average" (flat) efficiency, for both RW and CW. If that average efficiency is used in my original
models, the fractional difference in the predicted monitor response is within a few percent of the "exact" numerical solution
(i.e., the solution that explicitly includes the geometric efficiency variations).

For reference, below are the citations for my published material in this book:

Some Analysis of Integrated-Count Processing for Fixed-Filter Continuous Particulate Air Monitors
Health Physics, Vol. 111,September 2016, pp. 290-299

Incorrect interpretation of Moving-Filter Continuous Particulate Air Monitor Responses
Health Physics, Vol. 104, April 2013, pp. 437-443

Estimation of High-Level, Rapidly-Changing Concentrations Using Moving-Filter Continuous Particulate Air Monitors
Health Physics, Vol. 102, April 2012, pp. 410-418; Erratum Vol. 102, June 2012, p.708

Concentration Dynamics Modeling for Continuous Particulate Air Monitor Response Prediction
IEEE Transactions on Nuclear Science, Vol. 49, No. 5, October 2002, pp. 2574-2598

Bias in Concentration Estimates Due to Nonconstant Flowrate During Particulate Air Sampling
Health Physics, Vol. 82, No. 1, January 2002, pp. 114-119

Quantitative Methods for Continuous Particulate Air Monitoring
IEEE Transactions on Nuclear Science, Vol. 48, No. 5, October 2001, pp.1639-1657

Mathematical Models for the Dynamic Response of Continuous Particulate Air Monitors
IEEE Transactions on Nuclear Science, Vol. 48, No. 2, April 2001, pp. 202-218
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My hope is that the material in this book will provide a useful reference for the development of improved air monitoring
systems, especially in nuclear power applications. I know from experience that such a sourcebook would have been invaluable
in the mid-1970’s when I was working on RMS design at Bechtel Power, and a few years later for my work on the Shoreham
RMS, especially for the calibration of air monitors in that system. That calibration was a critical-path item for the plant, and
affected the fuel-loading schedule. If I had this mathematical material in one place, in a consistent notation, at the time, it
would have been extremely useful. I believe it will be just as helpful for a new generation of nuclear engineers.

A personal note: my first real experience with CPAMs was at the SM-1 Nuclear Power Plant, operated by the Army Corps of
Engineers at Ft. Belvoir, VA. I was there from March 1968 - March 1971. In late May 1969 I was assigned Health Physics
Supervisor at the plant. My predecessor was showing me various things around the plant that I had to do, one of which was to
get some readings off the temporary stack monitor (a Tracerlab moving filter; that monitor was patched in, replacing the
inoperative Eberline monitor discussed in Chapter 2). There was a graph taped to the filter box on top, and I was being shown
how to take a reading of the ratemeter, enter the graph, put that number into a form, etc. How I knew this is a mystery, but I
distinctly remember thinking at the time "There is no possible way this could be correct..."

And thus began the journey.

ii
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Chapter 1

Mathematical Response Models

IEEE Transactions on Nuclear Science, 48(2), April 2001; 202-218

Mathematical models are developed for the dynamic, time-dependent countrate response of fixed-filter (FF),
rectangular-window moving filter (RW), and circular-window moving filter (CW) continuous particulate air monitors.
These models relate the monitor input, a time-dependent concentration, to the monitor output, its dynamic countrate.
The models take the form of a single integral for the FF case, the sum of two double integrals for the RW case, and the
sum of three triple integrals for the CW case. The models apply for a single isotope of any half-life, and for sampled
concentrations of any time-dependence, at any time during a concentration transient. The models are solved for
selected concentration behaviors, providing analytical expressions for the prediction of monitor response, and plots
comparing these responses of the three monitor types are presented. A numerical simulation of monitor response has
also been developed, which starts from first principles and does not use the analytical solutions. It is shown that this
simulation agrees with the analytical solution.

Introduction

Continuous particulate air monitors (CPAMs) are widely used in nuclear facilities. In order to obtain quantitative results, a
mathematical relation between the input to the monitor and its output is required. The input is a time-dependent concentration
of airborne particulate radioactivity, notated as Q(z), of any half-life, while the output of the monitor is a time-dependent
countrate. Monitor response models are used to understand and predict how a monitor will react to various input behaviors, and
also to provide the explicit mathematical relationships needed to explore quantitative methods that might be used to solve the
"inverse" problem, of relating the observed response of the monitor to its input.

The purpose of this paper, the first in a planned series of three, is to develop relations for the monitor's output, given its input,
for the three most-commonly used monitor types: fixed-filter (FF); rectangular-window moving filter (RW); circular-window
moving filter (CW). The second paper will present a review of some methods for estimating the input (concentration, or
quantities derived from it), given an observed output (countrate, or quantities derived from it). The third paper will develop
mathematical models, using linear-systems techniques, for calculating the concentration dynamics for systems commonly
encountered in nuclear facility air monitoring, including the effects of HVAC. This mathematics is helpful in relating CPAM-
estimated concentrations to source terms, such as reactor coolant leakage rates.

The mathematical models to be developed in this paper will permit the calculation of the monitor response for any
concentration time dependence, for any nuclide. These response models, in the form of a set of integrals, will then be solved
for several example concentration behaviors, and analytical expressions will be provided for these solutions. Plots of the
monitor responses will permit comparison of the three monitor types. The starting point for the development is the fixed-filter
monitor, which is relatively straightforward, and the FF model is the starting point for the RW model. In turn, the RW model
acts as a template for the CW model.

The development below treats the activity on the filter one nuclide at a time. In some applications, however, there will be
multiple nuclides in the sampled air, and thus on the filter. When the activity is measured with a "gross" counting device such
as a GM tube, treating the mixture as if it came from a single nuclide is not a very good assumption. One could imagine an
"effective" nuclide, using a concentration-weighted average half-life, efficiency, etc. But of course this assumes that one knows
the concentrations, in which case there would be little need to use a monitor.

For applications with multiple nuclides it is best to use high-resolution spectroscopy if at all practical. This permits treating the
nuclides independently, and we can then apply the monitoring analysis herein to each nuclide, one at a time. If gross
(nonspecific) measurements are made, we must assume that the activity is from a single, predominant nuclide. This is not as
preposterous as one might think, at least in some power reactor applications. It is certainly possible, by the linear nature of
these instruments, to superpose the solutions for several nuclides. But the interpretation of the resulting responses is very
difficult, and to use them quantitatively is impossible (ambiguity). Therefore we will consider only one nuclide at a time.
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Monitor Response Model Development

Fixed Filter

Introduction

The fixed-filter (FF) monitor is of course the simplest case, and there have been models in the literature for its response since at
least the 1960's. The FF model is just a straightforward differential equation, based on consideration of the source and loss of
activity on the collection medium (filter). This is for a single nuclide, which is the usual application for nuclear-facility
monitoring. However, another important application is the monitoring of natural airborne radioactivity, commonly referred to
as "radon-thoron" (RnTn), which involves a decay series. That is, there are multiple nuclides on the filter, and some of these
nuclides have two sources- the sampled air, and the decay of a precursor on the filter. There are many papers in the literature
which present analyses of a fixed-filter monitor for radon progeny monitoring; one excellent early example is [1].

Development
The dynamic response of a fixed-filter monitor for a single nuclide is governed by the linear, first-order, ordinary differential
equation (ODE)

dd—fzé‘kang(t) - AC, (1-1)

where: C =monitor countrate, cpm; ée=detector efficiency (including a gamma abundance if spectroscopy is used);
k=conversion constant (2.832x10* cm’/ft’ times 2.22x10° dpm/uCi); F,=monitor sampling flowrate, ft'/min; @=filter
collection efficiency (possibly also incorporating a line-loss and/or anisokinetics fraction); Q(#)=time-dependent concentration
of the nuclide in the sampled air, pCi/cc; A=decay constant of collected activity, min™".

There are several ways to solve this familiar kind of ODE, but it will prove to be helpful to make use of the scalar convolution
integral [2] to provide the FF countrate response model:

C,p(t) = €k F, ¢ exp(—At) I O(z)exp(Ar)dr + C,exp(-At) (1-2)
0

The initial condition here, and in all subsequent development, is taken to be zero, that is, a clean filter at time zero, so the last
term in (2) vanishes. Time zero is when the concentration Q(?) begins its transient. In this form of solution we are convolving
the driving function (the dynamically-varying concentration in the sampled air) with the impulse response of the filter/monitor.
This solution format will prove to be very useful in the subsequent development, and it also has a straightforward extension to
the case of multiple, decay-chain nuclides, via linear-systems modeling and a matrix convolution.

Note that the monitor flowrate is taken to be constant over the interval of interest, usually a few hours. If this is not a
reasonable assumption, then a time-dependent flowrate can be placed inside the integral, assuming that the form of the time-
dependence is known (e.g., a linear or exponential ramp-down due to dust loading, although this is usually insignificant on a
time scale of a few hours).

The fixed-filter response model (2) is of fundamental importance to the subsequent development.

Rectangular-Window Moving Filter

Introduction

In some applications a fixed-filter monitor will suffer from the buildup of dust, reducing the air flow. This means that the filter
must be changed frequently. To remedy this, moving-filter monitors were developed. Typically there is a roll of filter paper or
"tape" which advances slowly across a deposition window, through which air is drawn. This window is usually either
rectangular or circular in shape, and this deposition area is viewed by a detector. The paper supply is sufficient to last about a
month at a nominal filter speed of one inch per hour. Other speeds are of course possible; some monitors also permit the filter
to be left fixed, then "stepped" or advanced, periodically, such as hourly or daily. Moving-filter monitors have been widely
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used in nuclear facilities, even in situations where dust loading is not an issue at all, such as a prefiltered stack.

There is surprisingly little mathematical information in the literature on these monitors. It isn't clear how one would hope to
interpret the dynamic, time-dependent countrate responses of a moving-filter monitor without some explicit mathematical
relation between the input and the output of the unit. Of course, in some applications, monitors are used in a "hypothesis-
testing" mode (is there an alarm condition or is there not), as opposed to an "estimation" mode (what is the concentration). In
the former case, we still need to understand the monitor input/output relation in order to calculate detection limits and
setpoints, although sometimes the latter is done just by setting the alarm at a level slightly above the background response.

Some definitions are needed before presenting examples of what material has been available on moving-filter monitors. First,
we note a distinction between long-lived (LL) and short-lived (SL) activity. LL activity does not decay significantly during the
period of study of the response, which is typically no more than several hours (although effluent applications can extend for
days or even weeks). SL activity may decay significantly during the period of study. Second, an important parameter in
moving-filter analysis is the "transit time" 7. This is the time required for a differential-area element to traverse the entire
length of the RW deposition window. For CW monitors the transit time is defined to be along the diameter of the window. For
many monitors 7 is about two hours.

Three examples of material on moving-filter monitors are as follows:

a) An early paper [3] presented an intuitive argument for the response of a RW monitor, for the commonly-assumed case of
a constant concentration of LL and SL activity. The RW countrate expressions given in [3] are correct for LL activity, but
incorrect for SL activity (this will be discussed in the RW countrate solutions section). Both expressions apply only after the
transit time 7.

b) Another paper [4], written by authors affiliated with a monitor vendor, shows the correct RW countrate result for a
constant concentration of LL activity for times less than 7. The result for times after 7 is also correct. However, no derivation
is provided; the expression is referenced to a private communication. Also, the limitation of LL activity is not explicitly stated,
and the requirement for a constant concentration is not as clear as it might be. The fact that their monitor is RW is not stated,
although it appears to be so in a photo. Without this caveat, one might conclude that the given expression could be used for any
moving-filter monitor, including a CW.

c) A second monitor vendor supplied a countrate expression in their catalog. The expression is correct for times after 7 for
a constant concentration of LL activity, assuming that their monitor was RW. This was not stated, and no derivation or
reference was provided. Further, the limitation of LL activity was not stated, which is a serious oversight. Information from
this vendor at a later date implied that their monitor was CW, in which case the earlier expression was incorrect.

The point of these examples is that there has not only been little, if any, mathematical analysis available for moving-filter
monitors (RW or CW), but what information there has been, even from monitor vendors, would require extraordinary care in
its use, and has sometimes been misleading at best, and incorrect at worst. The moving-filter countrate models to be developed
below provide the necessary foundation for analysis of the response of these CPAMs, without the restrictive assumption of a
constant concentration of LL activity.

Development

For the rectangular-window (RW) monitor, consider the sketch in Fig. 1-1. We have the collection medium moving from left to
right at speed v, with a deposition area of length L and width w. Assume that this entire deposition area is viewed by the
detector, which could, for example, be cylindrical with a diameter equal to the diagonal length of the rectangle. Importantly, we
also assume that the deposition is uniform across the window.

The approach is to break this rectangular region down into differential areas, of length dx. Each of these areas is a vertical strip,
moving from left to right with the filter speed v. Clearly, each strip entirely leaves the window at position x=L and so there is
no y-axis (vertical) dependence.

We assume that the monitor is observing background (perhaps including RnTn, depending on the application), when at some

time zero, a concentration transient begins. That is, at time zero, we initiate a nonzero Q(t) behavior. For both types of moving-
filter monitors, we must note that there will be two classes of differential areas: those that are in the deposition window at time
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zero, and those that are not yet in the window. This is an essential fact, needed to model the dynamic behavior of these
monitors.

=

x(t)

Figure 1. Rectangular window geometry sketch.

For the RW monitor we define the "key" strip to be that differential area at the leftmost position in the window at time zero. It
will take this strip a time L/v to transit the window; hence this is 7, the "transit time" for a RW monitor. Before this time 7, the
key element and all elements to its right were in the window at time zero (region A in Fig. 1-1), while those elements to its left
were not (region B). The time-dependent countrate will be the sum of the contributions from these two regions, up to the
transit time 7. After this time the entire window is region B. Thus we will need separate solutions, for times before, and after,
T. These solutions will be continuous across the time 7.

The approach to modeling the dynamics of the RW monitor is to consider each differential strip to be a fixed filter, whose
collection time depends on its initial position at time zero. That is, we apportion the source term (the incoming Q(¢) in the
sampled air stream) equally across the strips, and integrate using the fixed-filter solution, (1-2). The key to this is that the strips
have different integration limits. Next we consider these integrals for the two regions for times less than 7, and then for times
after 7.

a) Region A, t <L/v: A simple way to develop this part of the RW model is to consider the strips to the right of the key
element to be a fixed-filter monitor of continuously-decreasing area. All these elements have the same limits of integration,
since they have all been in the window, exposed to Q(?), for the same length of time. Thus we can write

C.RW—A(I) = (]—Vztj EKFE, ¢ exp(—/lt)j O(t)exp(A1) dt (1-3)
0

which is the FF countrate solution (1-2) multiplied by a linearly-decreasing area-adjustment factor. At t=L/v, this factor is zero
and the expression vanishes. Also note that if the filter speed v is zero, this reduces to the FF solution, as we would expect.

b) Region B, t <L/v: Next we need to consider the elements to the left of the key strip. These have been in the deposition
window varying lengths of time, depending on their current position, which can range from zero to some position x (not greater
than L). In fact, an element at position x has been in the window for x/v units of time (minutes). Since ¢ is the current time, we
can write for this portion of the countrate

Cows (1) = %xm—ﬂt) J J
0

so that the inner (fixed-filter; convolution) integral is done over the time that the element has been in the window. The outer
integral, over x, goes from the left side (0) to the current position of the key element, vz. Since this position must not be greater
than L, this portion of the countrate model only applies for times less than 7. Note that the inner integral will result in a
function of x, which is then integrated across the x-limits of the outer integral. The division by L results from apportioning the
source Q equally across all the strips (there is an implicit division, then a subsequent multiplication, by w).

Q(7) exp(At) dt dx (1-4)
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The limit of this integral as the filter speed approaches zero is not as obvious as for the other region, but the lower limit of the
inner integral will approach minus infinity. We define the response to be zero for negative times, since there is no source term
then. So this integral would yield a nonzero result only for times greater than zero. The outer integral approaches zero to zero,
which will yield zero. Hence the first portion, (1-3), will apply, and we have the FF result.

¢) RW Countrate Model, t < L/v: The result in (1-3), the decreasing-area fixed-filter countrate contribution, can also be
obtained via a double integral similar to (1-4); adding this to (1-4) we can write the rectangular window countrate model for
times before T

ek F, gexp(-At)

Cpy (1) = 7

j J. _ O(t)exp(A7) dt dx + J. J. O(1)exp(A7) d7 dx (1-5)

d) RW Countrate Model, t > L/v: Finally, we must consider what happens after the transit time 7. Then, none of the
elements in the window were there at time zero, and the entire window is region B. Hence we have another integral of the form
of (1-4), with the upper limit of the outer integral now at L, that is, the full window length:

Cpp (1) = w_[ '[ Q(1)exp(A7) d7 dx (1-6)

Equations (1-5), (1-6) represent a completely general response model for the countrate of a rectangular-window moving filter
monitor, for an input concentration of any time dependence and any half-life, at any time during the concentration transient.
Once a form is specified for Q(t), using, for example, one of the solutions developed via compartmental modeling, these
integrations can be carried out and the monitor response predicted.

Circular-Window Moving Filter

Introduction

Most of the comments above, in the RW Introduction, also apply for the circular-window (CW) case. However, there was an
interesting and detailed, if not so easy-to-find, paper published in 1967 which presented an analysis for CW monitors [5]. This
paper, in French, was published in an IAEA book reporting the proceedings of an IAEA Symposium held in Vienna, Austria.
The work is based primarily on an exponentially-decreasing concentration, and the mathematical treatment is comprehensive.
However, while there are a number of specific solutions provided, there is not a general model for the countrate response for
concentration dynamic variations of any arbitrary shape.

This is not as much of a limitation as it might appear. As will be discussed below, and in a later paper on concentration
dynamics modeling, for a great many real-world nuclear facility monitoring applications the concentration time dependence
can be expressed as linear combinations of exponentials. Since the monitors are linear instruments, we can superpose the
solutions for the individual exponential terms to obtain the complete countrate response for a great many concentration
behaviors. Baron [5] presents a set of solutions for the countrate, including the effects of an analog ratemeter time constant, for
the exponentially-decreasing concentration.

In the same IAEA book there is another paper [6], also in French, which in passing presents expressions for the attained
countrate at the transit time, for a constant, LL concentration, for both RW and CW moving filter monitors. There is no
derivation nor reference for where these expressions came from, but they are correct. The CW result is the same as can be
developed from the material in [5], and this same relation is also derived below. As mentioned in [6], for a given concentration,
it is the case that, at time =7, and with L=2R and the RW and CW filter speeds equal, the FF monitor will have twice the
countrate of the RW, and 37/4 (2.36) times the CW countrate. This will be illustrated below, in plots comparing the responses
of all three monitors to various concentration behaviors for LL and SL activities.

Another paper that presents a mathematical treatment of CW monitors is [7]. This paper is directed at constant concentrations

of RnTn. The results are presented in an appendix containing a number of very complicated equations, involving integrals that
cannot be evaluated in closed form. As a practical matter these results, while detailed and thorough, are not especially useful
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for the typical nuclear facility monitoring application. There are no expressions given to relate the output of a CW monitor to
its input, in a generalized and readily-usable way. This is what we will do, next.

Development

The geometry of the circular-window (CW) monitor is sketched in Fig 1-2. There are several ways to approach this analysis,
and a typical way is to use circular arc segments [5]. The present setup is different, and is used so that the analytical
mathematics will parallel a numerical simulation of monitor responses, to be discussed later.

The basic premise is to model the circular region with a series of horizontal strips, each of which represents a small
rectangular-window moving filter. Each strip will contain differential "cells," or "elements," analogous to the vertical strips in
the RW case. Since we already have the solution for the RW case, it should be relatively simple to extend this to the CW
situation. A horizontal strip, with one cell highlighted, is illustrated in Fig. 1-2.

-R sin (o) R sin (o)

Figure 1-2. Circular window geometry sketch. A single rectangular strip, and one cell, is shown.

The coordinate system is Cartesian and is centered at the center of the circular deposition area, which is assumed to be viewed
by a detector of the same diameter. Thus the x-coordinates range from -R to R, and the analysis takes the y-coordinate range to
be 0 to R, or the top half of the deposition. The countrate result is of course doubled to get the final answer. The deposition is
assumed to be constant across the window area.

The y-position of the bottom of each horizontal strip is defined using an angle ¢, measured clockwise from the positive y-axis.
The y-coordinate of the strip bottom is Rcos( ) and the corresponding right-side x-coordinate is Rsin( ). Each strip will have a
length of 2Rsin( ), which is zero at the top of the circle and 2R at a=7/2. An important variable is the x-coordinate of the left
side of each strip, -Rsin( ), since this is the point at which new differential-area elements for that strip enter the window.
Clearly the entry, and exit, times vary with the angle «.

With this geometry setup we have a small complication in that the cell sizes are not constant, if the angular steps are constant.
The strips nearer the diameter will have larger cells than those near the top of the circle. Fig. 1-3 illustrates the cells in the
window (this figure was generated by the numerical simulation). We need to allow for this size difference in allocating the
input source term Q(t) to the cells.

The differential area is dA=dxdy. Since y(&)=Rcos() then dy=-R sin(a)do. We can drop the minus sign, since for the
coordinate system in use, when & increases, y decreases. So the source allocation ratio becomes

dx Rsin(@) da

1-
TR 14-7)
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Figure 1-3. Circular window differential areas, showing their unequal size as a function of y-position.

and we will also need another factor of 2 in the numerator of the model to account for the fact that the region considered is only
the top half of the window. Note that, in both Fig. 1-2 and Fig. 1-3, the rectangular strips "overhang" the end of the circle. In
the mathematical limit, however, each cell has an infinitesimally small height and width and so this overhang vanishes. In the
numerical simulation, this overhang cannot be ignored, since the number of strips and cells is finite, and so this small error is
corrected in the calculations.

We can now proceed to develop the CW model; consider the diagram in Fig. 1-4. There are three regions in the deposition area
at any time after time zero, and the relative proportion of the deposition area taken up by each region varies with time. At
exactly time zero, the entire window is region A, which, as with the rectangular window, consists of the elements (cells in the
horizontal strips) which were in the deposition window at time zero. At time 7=2R/v, none of these elements is in the window,
and there is no longer any region A.

y
/, XP)
R
ot
C ()
\'}
=X 0 > +X
Elements in
window at time
zero

W
N > 4
N g
W\ > 4
N g

o

N

Deposition and counting area

Figure 1-4. Illustration of regions of circular window.
Region B is comprised of horizontal strips whose elements have entered the deposition area after time zero and which have
reached their individual transit times, given in (1-8) below. The lower boundary of region B is the horizontal strip whose

rightmost cell is at position P(z). The strips above this have already passed their transit time. At time 7 the entire window is
region B.

1-7



Particulate Air Monitoring Mathematical Sourcebook

There are horizontal strips with some elements that were not in the window at time zero, and some that were. These strips have
not yet attained their respective transit times. This means that the key elements of these strips are still inside the deposition
area. The elements to the right of these key elements comprise region A, while the elements to the left are region C. At time 7,
the key element of the longest horizontal strip (along the diameter) will have reached the right border of the deposition area,
and so region C vanishes, as does A. All elements then are region B.

The point of intersection P(¢) of the moving and fixed circles starts at x=0, y=R (the top) and moves down along the circle, to
the right, until it reaches x=R, y=0 at time T. The angle, measured from the y-axis to the line connecting the point P(t) to the
center of the deposition area, is €(t). This angle as a function of time, which is very important in defining the countrate model,
is given in (1-9) below. (Note that the angle ¢ used above is general, for any horizontal strip, while &) is specifically for the
point of intersection P(t), which is at the end of one particular strip.)

The sketch in Fig. 1-5 may help clarify the geometry. The key element (the leftmost cell in each horizontal strip at time zero)
for horizontal strips in region B (strips 1,2) is at or beyond the deposition area boundary, and thus no cells in these strips were
in the window at time zero. The remaining horizontal strips (3,4) have not attained their respective transit times, and their key
elements are still in the window. The portion of the strips to the left of the key element is included in region C, while the
portion to the right is in region A.

key element

Figure 1-5. Sketch showing positions of key elements for circular window.

Region A of the filter will be, similarly to the RW case, effectively a fixed-filter of continuously-decreasing size. Thus we
could look for a solution similar to that of a rectangular-window monitor for each horizontal strip common to regions A and C.
But, since each strip has a different entry and exit point, unlike the RW case, we can expect to need another integral, to cover
the angular variation. Thus the solutions will be triple, rather than double, integrals- one for time, one for the x-direction, and
one for the angular direction (which is a surrogate for the y-direction). Since there are three regions for times less than 2R/, the
countrate model will consist of the sum of three triple integrals (compared to the sum of two double integrals for the RW
model).

Using the second term of (1-5) as a template, we recognize that the RW upper limit L will be replaced by Rsin( ) since this is
the exit x-coordinate for each CW strip. Similarly, the RW lower limit vz is implicitly O+v¢, since the RW strips all start at x=0.
In the CW case the strips start at x=-Rsin( @), so that the lower limit of the second integral will be -Rsin(a)+vt. This is the
current x-position of the "key" cell, or element, in each horizontal strip. These key cells form the boundary between regions A
and C.

Next we need to define the angular variation, for the limits of integration across angle. Clearly the upper limit is just 72. The
lower limit of the ¢ integration is a bit more subtle. This is the value of « for the region defined by the fact that the per-strip
transit time has been attained (region B). For any strip, we have the transit time
_ 2Rsin(@)

. .

T,

K

(1-8)

As time progresses, the short strips at the top of the circle (« near 0) will reach 7, almost immediately, while at the diameter
(a=7x/2) the transit time is the maximum, 2R/v. The current value of the angle &t) where the transit time has just been attained,
at point P(?), the juncture of regions A, B, and C, is, solving (1-8) for & :

-l Y N
0() = sin [mj' (1-9)
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To simplify the subsequent notation, define

v

t
2R

B

z
T
Now we can develop the integrals for each of the regions.

a) Region A, t <2R/v: For this region we can write the first triple integral for the CW model, for the countrate due to the
decreasing-fixed-filter portion:

T Rsin(a) '
Cop i () = 2EXES ¢;fp(_’1 2 J.Z I J. 0(7)exp(A7) dt dx Rsin(@) da (1-10)
2 o(1) 0

—Rsin(a) + vt

The innermost integral is as usual the FF convolution integral. Since all these elements were in the window at time zero, zero is
the lower limit of this integration. This result is in turn integrated across x, the horizontal strips, from the left boundary of
region A to the right side of the deposition area. The angle is then integrated from the current transit-time-attained angle, &),
corresponding to the current position of the intersection point P(t), to 772. These integral limits define the bounds of region A.
The source term Q(¢) has been allocated using the differential area of (1-7). The factor of two, correcting for our use of only the
top half of the window, has been applied.

b) Region B, t <2R/v: Next we consider the set of strips that have attained their transit times, in region B of the diagram
above. The cells in these strips were not in the window at time zero, and so they each have had a different exposure to the
source Q(t). This is going to vary as a function of the angle, since the length of each strip depends on ¢. The distance moved by
a cell will be its current x-position minus its starting coordinate (the left side of its strip), and the time required to move this far
is of course just this distance divided by the filter speed. So the lower limit of the inner integral becomes

x+Rsin(a)

D.
v

The next integral, across x, will range across the full length of each of the horizontal strips in this region. The outer, angle,
integral will range from the top of the circle (=0) down to the current angular position &) where the transit time has been
attained. With this we can write the second triple integral for the countrate, due to the elements in region B:

. 2ek F, gpexp(-Ar) [
0

Rsin(a)

J' O(1)exp(A7) dr dx Rsin(@) do (1-11)

—Rsin(a)

¢) Region C, t <2R/v: We now consider the cells that were not in the window at time zero, in the strips that have not yet
attained their respective transit times. These are the cells to the left of the key cell in each strip, region C in the diagram. The
inner-integral lower limit is again dependent on the current position (x and @) of the cell, since these cells all have different
exposure times. The x-variation covers the range from the left side of the strip to the current position of the key strip (compare
to the second integral for region A). The angular variation, the outer integral, covers the same range as the angle integral for
region A (since this boundary serves both regions). Then we can write the third triple integral, for the countrate due to region
C, as

—Rsin(a) + vt

Cop o) = 2EKE, mj;?p(—/lt) IZ J J O(t)exp(A7) drdx Rsin(@) det (1-12)
6(1) D

—Rsin(@)

d) CW Countrate Model, t <2R/v: The final model consists of the sum of these three triple integrals, (1-10 to 1-12). This
model is completely general, and applies for a single nuclide of any half-life or concentration time dependence. Consider the
effect of taking the filter speed to zero in these equations. In (1-11) and (1-12) we again, as in the RW case, have the innermost
integral ranging from minus infinity to ¢, while in (1-12) the second integral approaches zero to zero, and in (1-11) the outer
integral approaches zero to zero. Thus these two components vanish, leaving (1-10), which will approach integration across the
entire window, and we then will have the equivalent of (1-2), the FF response.

1-9
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e) CW Countrate Model, t =22R/v: We also need a model for r>2R/v. After this time, all the strips consist of cells that were
not in the window at time zero. Thus we use (1-11), for region B, with a new upper limit on the angle integral, of 7/2, covering
the entire top half of the window. So the fourth triple integral, for the post-transit-time countrate response, is

T e Rsin(@) 1
G (1) = 2EREL POXRCAD j ? j I 0(2)exp(A7) drdx Rsin(e) dat (1-13)

a2 R —Rsin(a)

Approximate Circular-Window Monitor Response

Observation of a large number of CW and RW response plots from the numerical simulation, for varied Q(z) behaviors, led to
speculation that the responses seemed to be keeping a more-or-less constant ratio to each other. Since the only difference
between them is one of geometry, it seemed like there could be some way to obtain the more complex result (CW) from the
simpler result (RW), by applying a correction factor.

The first naive approach to this was simply to equate the "equilibrium" responses to a constant concentration of long-lived
activity. This leads to'

L S8R
8ka¢Qﬂ_ = 8ka¢Q0_’
2y 3rv
which we can solve for the RW window length
_I6R

L .
3

(1-14)
The implication is that if we operate a RW monitor with this window length we will obtain (nearly) the same response as a CW
monitor of radius R. Interestingly enough, this conjecture was supported by simulation runs. However, there is a more
sophisticated way to derive this approximation.

Consider the fact that, for the CW monitor, there are as many transit times as there are horizontal strips in the window. The RW
monitor of course has only one transit time, 7=L/v. The length of each CW strip is 2Rsin( @), and its y-position is Rcos( &), so
that its differential height is -Rsin( ). Since the y-values decrease with increasing ¢, we can discard the minus sign to obtain
the differential area of each horizontal strip

2Rsin(e) Rsin(er) = 2R’ sin’ (@) .

What we want is some effective or average transit time across the window. Since the areas of the strips vary with ¢, we should
weight the individual strips by their contribution to the total countrate, which is proportional to their area. The transit time per
strip is given by (8), and so we can write for the area-weighted transit time

j M[mzsinz(a)]da
T =*2 ¢

— , (1-15)
I 2R?*sin’(a)do
0

which, when solved and equated to the RW T=LA, will yield the same L as given in (1-14). This is an elegantly simple
relation, which produces an excellent approximation to the CW response, especially when noise is added (as is usually the
case). Using this approximation means that closed-form solutions (the RW solutions) can be obtained and used for CW
analyses, with this adjustment to the RW window length. This can be very useful, and is in fact the default CW response
generation method for the numerical simulation, since it saves a lot of execution time.

However, the geometry is, obviously, different between the monitors, so we would not expect the responses to be exactly the

! These response results will be developed below, (1-26) and (1-41).
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same. Fig. 1-6 shows the fractional difference for the simple constant-concentration, long-lived activity case; the transit time is
120 min. The worst difference is less than 3% under most circumstances. The approximation fails, however, when we have a
short burst of LL activity, as in Fig. 1-7 (although the approximation is reasonable for times less than about 75% of the transit
time). Of course when it is important to have the best accuracy, or for the LL "puft" case, we would use the exact CW response
calculations.

Figure 1-6. Fractional difference for CW approximation, constant-Q. Figure 1-7. Fractional difference for CW approximation,
short-burst Q(t), LL

Analytical and Numerical Monitor Response Solutions

Introduction

For any concentration time dependence Q(¢), we will need to develop five countrate solutions. There is one for the FF, and two
each for the RW and CW (one before and one after the transit time). Since there are many possible Q(z) behaviors, we require a
way to condense this multitude of algebraically-messy solutions into a manageable number. Fortunately there is a way to do
this, and the approach will have wide applicability.

As it happens, in the vast majority of monitoring applications, the Q(#) behavior will result from the dynamics of a
compartmental system. Such a system may be trivial, as in the commonly-assumed case of a well-mixed single compartment,
or it may be very complex, with many mutually-exchanging compartments with multiple, time-varying sources, all under an
HVAC flow, with filtration. The matrix-based formalism of compartmental modeling can readily handle all these situations.

It is the case that the Q(¢) behavior of a compartmental system can be expressed as a linear combination of exponentials [8]; in
general, for p compartments:
)4
o) = E 1" exp(@; 1), (1-16)
j=1
where the I"represent coefficients derived from the eigenvectors of the compartmental matrix®, and the @represent the system
eigenvalues [9]. Since for most problems of interest for monitoring applications the / are constants, we can find a solution for a

single-exponential Q(z) function, and then, making the appropriate substitutions, add together several of these solutions to get
the overall monitor response, by the principle of superposition. This will save a great deal of tedious work.

We will consider two Q(t) cases, for developing analytical solutions. One is the simple constant-Q case, which might occur

2 . .
“ The compartmental matrix contains the rate constants for the exchanges between the system compartments.

1-11



Particulate Air Monitoring Mathematical Sourcebook

after a system has reached equilibrium. The other is a three-component exponential, with the sum of two exponentials defining
a buildup to a Q(t) peak (which implies a decreasing source term); to this is added an initial concentration which simply
decreases exponentially. This function provides great flexibility in modeling many practical Q(t) behaviors. For the constant-Q
case we will have p=1I; I=0Q,; @=0. For the three-component behavior, p=3, the / are nonzero constants, and the @ are
negative constants.

Analytical solutions have been found for these Q(¢) behaviors, for all five of the cases mentioned above. We will find the
countrate solutions for the general "any-half-life" case, and then find a few selected LL solutions (of historical interest) by
taking a limit as the decay constant approaches zero. The latter results have been compared to those derived directly, i.e., by
using the LL case in the monitor response models (using zero for the decay constant), and they agree. The constant-Q case is
covered by using a single exponential and taking its @ value to zero in the countrate expressions; these also can be shown to
agree with the countrate solutions obtained using the respective models with a constant-Q directly.

Three-Component Exponential Q(t)
First we need to set up the appropriate factors for the three-component Q(¢). The form of this concentration behavior is

S

nL-n

o) = [exp(—r, 1) — exp(-r,1)] + Q,exp(-r,1) (1-17)

where S is a source emission rate, including an implicit division by a free-air volume; r; is the source rate of decrease (which
may be zero); r; is the loss rate from the system; Q, is the initial concentration, and r; is a separate loss rate, although usually in
most physical systems r, and r; would be the same. These are kept separate here for more generality and ability to model
various behaviors. This Q(¢) expression results from the solution of a single compartment system driven by an exponentially-
decreasing source, with a nonzero initial condition.

Clearly this Q(?) is the sum of three exponentials. For use in (1-16), these definitions are straightforward:

S -S
I, = ; I, = s 15=0,; W53 ="T53-
n=n n=n

This is a useful, relatively general form for the concentration behavior. Given a countrate solution for this case, a number of
other Q(t) cases follow easily, by appropriate substitutions. In the solutions below, if we have only the first subscript active,
and all parameters with subscripts greater than one are defined to be zero, then we will obtain the single-exponential Q(7)
countrate solution. Further, within the single-exponential case, if the rate constant @j is zero then we have the constant-Q
solution. So the three-component solution implicitly contains several others. Since the constant-Q solutions are of some
historical interest, especially those for long-lived activity, we will write them out explicitly, for easy reference.

Analytical Fixed-Filter Countrate Response Solutions

Three-Component Exponential Q(t)
Using the FF model, (1-2), and substituting the Q(z) defined above, we find the FF countrate solution:

4

¢, (1) = Zekagzm exp(@, t;;;"p(_’m. (1-18)

i=1

Constant-Q, General
In (1-18) if p is 1 and wis zero, we have this familiar solution, using some /= Q,, a constant:

1—exp(—At)

CFF(I)=8kF;n¢Q0 1

(1-19)
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Constant-Q, Long-Lived
If we take the limit of (1-19) as A approaches zero (i.e., as the activity's half-life increases), we obtain the well-known LL,
constant-Q solution

C,r()=€kE, 0Q,t. (1-20)

Note that we cannot just substitute zero for the decay constant, we must take a limit as it approaches zero. We can, however,
return to the response model (1-2) and use zero for the decay constant there, and then carry out the integration. This is also the
case for the RW and CW solutions.

Analytical Rectangular-Window Moving Filter Countrate Response Solutions

Three-Component Exponential Q(t), t <L/v
Substituting the Q(t) into the RW model, (1-5), and carrying out the integrations, we obtain the RW countrate for times less
than the transit time L/v:

) - r v exp(a)[t)-{t(/1+a)[)—l} r ( vtj
Cry () = €kF, —_— +—— 11— ) 1) — —At 1-21
e ¢Z,{u+m L{ el Frg ) lEm@n eeciol (20

i

Three-Component Exponential Q(t), t > L/v
Using the RW model for times after the transit time, (1-6), we obtain the RW countrate

p

SO YL 2l A _L) L i
Cpy (1) = Z (/1-1-(0.)2 {exp(a)l. t)(/l+a),. LJ + Lexp{a){t vj vl}} (1-22)

i

Constant-Q, t < L/v, General
Setting the parameters p=1/ and @=0 in (1-21), we can obtain the constant-concentration (Q,) countrate solution directly:

Cor ) = EEEOQ V101 1y exp(-an)] + M(z—v—t][z — exp(=A1)] (1-23)
A L A L
Constant-Q, t<L/v, Long-Lived
If we take the limit of (1-23) as the half-life becomes long, we find
Coy () = €kF. 90, . (1-24)
RW - m 0 2L .

This result has been seen in various places, e.g., [4], over the years, but, to my knowledge, without a published derivation.

Constant-Q, t > L/v, General
For times after L/v, we again use p=/ and @=0, this time in (1-22), to obtain the constant countrate

. 1 1
Crw (1) = eka¢Q0{z - W[l - exp(—/lT)]} (1-25)
As mentioned previously, an early paper [3] shows an expression for this case, namely’

CRW(t) = ngm¢Qo{§[] - eXP(—/iT)]},

* This is (15) from [3], recast using the notation of the present paper.
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which is just one-half of the FF response for this case, (1-19). This is not appropriate for SL activity, since it does not properly
account for the varying decay times of the differential elements in, and leaving, the window during the deposition period up to
time 7.

Constant-Q, t > L/v, Long-Lived

Taking the limit of (1-25) as the decay constant approaches zero we obtain
: L
Cow () = €k quﬁQOZ—v, (1-26)

which is another result that has appeared in print over the years, without a mathematical derivation, e.g., [2], [6]. Also, the
expression from [3], above, will, correctly, have this limit for LL activity.

Note that the RHS of (1-26) is a constant, and it is half of the FF response at the RW transit time 7. Thus while the FF response
continues to increase (LL activity), the RW response flattens out and becomes constant. This is a sort of "equilibrium" where
the input to and loss from the window are in balance. The loss is of course due only to the filter movement, since by definition
the LL activity, once deposited, remains on the filter for the duration of the analysis.

It is important to note that the RW solution is continuous at the transit time 7. Substituting L/v for ¢ in (1-23) will produce
(1-25). Also, by inspection it can be seen that if the filter speed v is taken to zero in the ¢t < L/v solutions, we will obtain the
corresponding FF solution. Thus, separate FF solutions are not even necessary for the various Q(?) behaviors since the RW
(and CW) solutions contain them implicitly if we simply use a zero filter speed.

Analytical Circular-Window Moving Filter Countrate Response Solutions

It will be convenient to define a variable to stand for a nonelementary integral which arises in these solutions:

Z(a,b) = J‘ exp[—é 2R sin(a)}R sin()do . (1-27)
v

0

In the application of these response models this integral can of course be evaluated numerically; it occurs in the solution of the
third and fourth triple integrals in the CW model, (1-12) and (1-13).

Three-Component Exponential Q(t), t < 2R/v
Using the CW response model (l-lO) to (1-12) we find the following solutions for the regions:

kF
viy=Y & o ¢ i [exp(@ 1) — exp(~A1)] {1 - —[ﬂ\/z B + sin” (/3)]} (1-28)

i=

Note that this is the continuously-decreasing 'fixed-filter' portion of the response (region A), with the trailing brackets a
geometry factor which approaches zero as t approaches the transit time 7. For region C we find

— 26k F, ¢
yfz(t)=2ﬁ{exp( At) + exp(@, )| (A+ @) t—l}} 1- B (1-29)

i=1
For region B we have
sin”(B) — BJI-5 +
Z|sin”(B),(A+ 1-30
v |2t eGre)] | e (1-30)
R(A+w,) R

26k F, ¢ exp(@ 1) 1

Y. =
) A+ o r
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The monitor countrate is the sum of these three components,

Con®) = Y 10, (1-31)

Note that if the filter speed v is taken to zero we obtain the FF response once again, as was the case with the RW countrate
response.

Three-Component Exponential Q(t), t > 2R/v

Using the CW response model (1-13) we find this countrate solution

C'cw(n=ng”¢2“""(“’1‘”{1— v, 2 )Z[f,(/“wi)” (132)
=1

At 7R(A+®) 7R (A+w

Constant-Q, t < 2R/v, General
With the usual substitutions into the three-component solution found above, we obtain for this case:

k
W,(t):%[z — exp(=A1) | {1 - %[ﬁwlz—ﬁz + sinl(ﬁ)}} (1-33)
W (1) = %[m - exp(—/?,t)]LR\/I—ﬂZ (1-34)
T
_28kF;n¢Q() i . =1 _ 2 L Z[Sinil(ﬁ)a ﬂ:| 2
v, =25 L sin () BI-F + /IR[—R N I-F -1 (1-35)

The CW countrate is the sum of these three contributions, i.e., (1-31).

Constant-Q, t > 2R/v, General
The CW countrate response model for times after the transit time (1-13), gives

: €kF,9Q0, 2v 2v V4
Copy @) = = 1 - + Z| =, 1 1-36
ew (@) A { ATR  AZR® (2 H (1-36)
Baron [5] has, for this situation, the series approximation
C., () = €k Fm¢Q02—R3i |1 - 029452T + 0.0667(AT)" ~ 0.0123(AT)'] (1-37)
Vv I
if the product AT is less than 2, and
: 2R 04535 2 1
C., () = €kF, — 1+ [1205—1||1—-—|1 - -AT 1-38
CW() m¢Q0 v /IT { [ ﬂT\J( Z.T[ eXP( )]j} ( )

otherwise. All three of these expressions agree very well for LL activity. The ratio of (1-38) to (1-36) as a function of half-life
is shown in Fig. 1-8. The ratio happens to be worst near Rb-88 (18 min), which is a nuclide of considerable interest in CPAM
applications. Nonetheless, the approximation is still acceptable, and (1-38) can be used as a convenient approximation for the
attained countrate after the transit time for a constant concentration, for any half-life of practical interest in air monitoring. This
avoids the need to evaluate the numerical integral Z in (1-36).
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Figure 1-8. Ratio of Baron [5] approximation to (1-36) solution as a function of half-life.

Constant-Q, t < 2R/v, Long-Lived

As usual, one way to find this solution is simply to take limits of the expressions above, as the decay constant A approaches
zero. Another method is to go back to the CW countrate response model (1-10) to (1-12) and substitute zero for 4, and carry
out the integrations. As it happens this substitution greatly simplifies the work, since the exponential inside the triple integrals
will vanish. And, very significantly, the nonelementary integral which arises from the third triple integral when A is not near
zero becomes tractable, and we can obtain a closed-form solution.

Carrying out these integrations, the result for this case for times less than 2R/ is

C.p(t) = €k F, 60, {t[l - %(ﬁq/]_ﬁZ + sin” (B) )} N %(1—«/1_&) N ivt I—I_ﬂz} (139)

TR

This can also be written4, a bit more simply, as [10]

Con (1) = MF—R(J —\1-5)- LN esin” (V1= 47 )} (1-40)

T 3v 6R

If we take the limit of (1-39) as the filter speed v approaches zero, we obtain the fixed-filter result for this case.

Constant-Q, t > 2R/v, Long-Lived

The CW response model (1-13) produces a simple result for this particular situation:
: S8R
Cow(t) = €KFE, 0Q,—, (1-41)
3rv

which agrees with two references [5], [6]. Another way to obtain this result is to recognize that the countrate is continuous
across the transit-time boundary, so that substituting 2R/v for ¢ (i.e., f=1) in (1-39) will yield this same result. This value is of
course a constant, and the CW response flattens out and stays at this level as long as the constant concentration is active.

* This was developed independently, using a different approach for the CW geometry, similar to that used in [7].
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Sample Analytical-Solution Plots

Figures 1-9 to 1-15 are some example plots of the analytical monitor countrates for a few typical Q(¢) behaviors. These are, of
course, deterministic responses, with no noise. The plots were generated using the expressions developed in the sections above.
In fact they were produced by the most general form, the three-component exponential Q(z) solutions, since this case can
handle the other cases by simple substitution of appropriate parameter values. The monitor setup for these runs was: flowrate, 5
ft3/min; detection efficiency, 0.25; filter collection efficiency, 0.90.

Constant-Q, LL

This is the simplest case, shown in Fig. 1-9. Note that the countrate responses are nearly identical in the first 10-15 minutes or
s0, since in this time the moving filters have not moved very much (typical speed is 1 inch/hour, typical deposition window
length is 2 inches). The moving filters flatten out and remain constant after the transit time- the RW at 0.5 times the FF
countrate at t=7, while the CW is at 0.424 (4/37) times the FF level. This moving-filter "equilibrium" is of course due only to
the loss of activity due to the filter movement.

Constant-Q, SL

The isotope used in Fig. 1-10 is Rb-88, half-life 18 minutes. Here the countrates all reach an equilibrium, the FF due only to
the decay, while the moving filters lose countrate due both to decay and the filter movement. Again note that the initial
countrates are nearly identical, for the same reason as above (and as they are for any concentration behavior).

Figure 1-9. Countrate responses, constant-Q, LL activity. Detection Figure 1-10. Countrate responses, constant-Q, SL activity (Rb-88). All
efficiency, 0.2; flowrate, 5 cfm; collection efficiency, 0.7; concentration, parameters are the same as Fig. 1-9.

107 UCi/cc; L, 2 inches; R, 1 inch; v, 1 inch/hour; transit time, 120

minutes.

Single-Exponential Decrease, LL

Fig. 1-11 exhibits what appears to be an equilibrium for the FF countrate response. However, what has happened is that the
source Q(?) has vanished and the countrate on the FF becomes constant, since the activity is long-lived. For a fixed-filter
monitor viewing LL activity the countrate cannot decrease. It will either increase or stay (essentially) constant. Clearly,
examining the FF response here and for the case above, one would be hard-pressed to tell which was happening- a short burst
of LL activity or a continuing source of SL activity. Here is where the moving filters have an advantage. If one can wait long
enough, (i.e., about two hours) they will clear the LL activity and return to background, if the source has vanished. In the case
above, the source is constant, so the moving-filter responses stay up. In Fig. 1-11 the FF will in effect have a background of
some 9000 cpm, rendering it useless for detection of subsequent, especially lower-level, activity transients. The only solution is
to change the filter.
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Single-Exponential Decrease, SL

In Fig. 1-12 the FF response does drop back down, indicating that the activity must be short-lived, and that the concentration
transient is finished. Again the isotope is Rb-88. In this situation there is not much to choose between the three monitors- their
responses are very similar.

Figure 1-11. Countrate responses, exponential-decrease Q(t), LL Figure 1-12. Countrate responses, exponential-decrease Q(t), SL
activity. Same parameters as Fig. 1-9 except for exponential-decrease activity (Rb-88). Same parameters as Fig.1-11.
rate constant of 0.02 min”.

Three-Component Exponential, LL

Fig. 1-13 shows an example of a three-component Q(¢) behavior. This is a situation where the initial concentration is small (but
not zero) and the concentration increases for some time, then begins to decrease. This is not an uncommon Q(?) behavior in the
real world. In Fig. 14 we have the countrate responses to this Q(t). Note the initial slope for all three monitors is near zero. This
S-shape response is diagnostic of a peaked-shape Q(#), although with noise it can be difficult to see.

Figure 1-13. Three-component exponential Q(t) vs. time; S, 10% Figure 1-14. Countrate responses, three-component exponential Q(t),
UCi/cc-min; 1), 0.03 min”'; r, 0.05 min” ; r; 0.02 min’ ; initial LL activity; Q(t) parameters as in Fig. 1-13, monitor parameters as in
concentration, 10° uCi/cc. Fig. 1-9.

Three-Component Exponential, SL
For the same Q(¢) behavior, for SL (Rb-88) activity we have the countrates shown in Fig. 1-15. Note the difference in vertical
scale from Fig. 1-14.
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Figure 1-15. Countrate responses, three-component exponential Q(t), SL activity (Rb-

88); parameters as in Fig. 1-13 and Fig.1- 9.

Countrate Components

Finally, we will plot the contributions from the regions of the moving-filter monitors. The moving-filter responses above are of
course the sums of these "regional” contributions. Fig. 1-16 shows the rectangular-window response for the three-component
exponential Q(t) for SL activity (Rb-88). The curve RW-A is the countrate due to the portion of the filter to the right of the key
element, i.e., the decreasing-FF region. The curve RW-B is the countrate due to the region to the left of the key element. After
time 7 (120 min), all of the response is due to elements that were not in the window at time zero.

In Fig. 1-17 we have the response of the circular-window monitor to the same Q(¢). Curve CW-A is the countrate from the
decreasing-FF region, to the right of the key cells in the strips, which becomes zero at the transit time 7. Curve CW-C is the
countrate from the cells to the left of the key cells in the strips, which also will have all left the window by time 7. Curve CW-
B is the countrate from the strips at the top of the window, all of whose cells were not in the window at time zero. This region
becomes the entire response after the transit time 7 (2R/v), again 120 min. Recall that, at the start of the transient, region A is
the entire window, so the contributions from B and C are small at the start.

Figure 1-16. Countrate components, RW, three-component exponential Q(t), Figure 1-17. Countrate components, CW, three-component exponential
SL activity (Rb-88). S, 10 uCi/cc-min; r;, 0.01 min™; ry, 0.08 min™ ; r;, 0.01 Q(t), SL activity (Rb-88). Same parameters as in Fig. 1-16.
min™ ; initial concentration, 10° uCi/cc. Monitor parameters as in Fig. 1-9.
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Numerical Response Solutions

Introduction

An interactive, GUI-driven program has been developed to allow the exploration of CPAM responses to various concentration
time-dependencies. The solutions for the monitor responses are generated numerically, rather than via the use of deterministic
solutions. This permits the exploration of more general Q(¢) behaviors without the need to solve the monitor response models
for each Q(¢) and then code the resulting analytical solution. The numerical solutions also act as a check of the analytical
monitor response solutions for a few selected Q(¢) cases, whose solutions have been derived. The numerical solutions start
from "first principles" and do not explicitly use any monitor response model. All three monitor types discussed in this paper are
implemented: fixed-filter (FF); rectangular-window moving filter (RW); circular-window moving filter (CW).

The numerical solutions for the monitor countrates can have Poisson-distributed noise added to them, for additional realism.
Background is added, and there is an option to have RnTn on the filter also. RnTn is modeled using linear-systems matrix
methods, and has three-component decay chains for both Rn and Tn. The RnTn can be in equilibrium on the filter or not; the
air concentrations of all components are assumed constant over the analysis interval.

Many parameters are interactively adjustable, using sliders on the GUI. A set of Q(t) behaviors is available, selected by GUI
radio buttons. The Q(¢) data for the run is generated numerically, including a complicated numerical solution using linear-
systems matrix methods for a containment monitoring application, with HVAC. The monitor countrate responses are found by
solving a large set of differential equations, numerically, where the ODE source term is provided at each time step by the Q(¢)
generator.

The solutions are generated for a long-lived, or short-lived (Rb-88), isotope. There is an option to combine these, that is, to
have both present at the same time. The monitor countrate can be processed using an adaptive exponentially-weighted moving
average (EWMA) [11], or a fixed-gain EWMA (simulating an analog ratemeter), or this processing can be bypassed, yielding
the raw countrate data. A number of plots are generated by the simulation, including the countrates for all monitors (on the
same plot), concentration estimates, and release estimates. These are all dynamic, that is, they are generated for each time step
as they would be in a real monitoring application.

The RW module begins by breaking up the window into a set of elements, i.e., vertical strips, typically 100. The initial position
of each strip is found, across the window length L.

The source term is allocated equally across the strips via a simple ratio, which is just the reciprocal of the number of strips.
Recall that the approach is to model the RW as a set of small fixed-filter monitors. Thus each vertical strip is a FF monitor,
which is exposed to the source term (the sampled air) for a different length of time.

The key to the moving-filter numerical models is in keeping track of which strips (or "cells" for the CW) are in the window at
any time. Those elements in the window at any time step have their Q(¢) and RnTn activities integrated as if they were small
fixed-filter monitors. Next, all the elements are advanced one step to the right, by the distance vAt, where At is the digital time-
step” size (e.g., 5 seconds) and v is the filter speed. If an element has left the window at the right (x>L), it is "moved back" to
the left boundary (x=0) and all of its integrations are reset to zero. The RW countrate at any time is just the sum of the per-strip
countrates.

The CW module also begins by breaking down the window into a set of elements, or "cells." As was discussed in the analytical
response models section, the cells are created within horizontal strips which are defined by an angle. Typically 200 angle steps
are used to define 200 horizontal strips, and 20 cells are defined in each strip. The initial positions in x and y of all cells are
defined, as is the left boundary as a function of y (since this is not constant, unlike the RW case). The RnTn is set up for each
cell in the window, as for the other monitors. This time, however, we have many more "little fixed-filter monitors" to keep
track of. Nonetheless the principles are the same.

The source term is allocated to the cells; this is a bit more complicated than the RW case since the CW cell sizes are not
constant. As was shown in Fig. 1-3, the horizontal strips nearer the x-axis are taller than the ones nearer the top of the circle
(y=R). Also, since there is a finite number of cells, a small correction is made to account for the "overhang" of the cells at the

> This is the time during which a digital monitor accumulates count data from the detector (sampling interval). This raw data is processed into a countrate
estimate, using, for example, the algorithm in [11].
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left and right end of each horizontal strip.

The cell activities are integrated at each time step, both the activity from Q(#) and RnTn, if enabled. Again the idea is to keep
track of which cells are still in the window, contributing counts and being exposed to the source term. The cells are advanced to
the right, just as was done for the RW, at each time step. The way the bookkeeping is implemented is to find the norm, or
Euclidean distance, from the center of the window, of all cells. Those cells whose norm exceeds R, the window radius, at any
time step have exited the window (at the right). They are moved back to the appropriate starting point at the left side of the
window (which differs for each horizontal strip), and their integrations are reset. The total CW countrate at any time is the sum
of all the per-cell countrates. The rest of the processing is the same as for the RW.

This program has been used to generate countrate responses for comparison to the analytical solutions developed above, for a
variety of Q(t) behaviors, for LL and SL activity. In all cases the agreement is excellent. One example will be presented below.

Filter Isoactivity Contour Plots

Since the numerical simulation keeps track of the activities in the differential elements ("strips" for RW, "cells" for CW), it is
possible to analyze these to find contours of constant activity. This can lead to some insight into how the activity builds up on
the filter as it moves. Recall that we assume a uniform deposition of particulates across the window area, at all times. The
activity will build up in proportion to the length of time each differential area is in the window, so that we end up with
variations in activity across the window. Since the detector response is not position-dependent, a given amount of deposited
activity could be in one small portion of the deposition window, or it could be evenly spread out, and the countrate would be
the same in either case.

Fig. 1-18 is a graphic showing contours of constant activity for both RW and CW. Note how the activity levels are similar
across both deposition areas. The CW contours look like a "bent" version of the RW contours. This is because the horizontal
strips near the top of the CW deposition area reach their transit times faster than the strips nearer the main diameter.

Figure 1-18. Isoactivity contours, RW (bottom), CW (top).

Numerical/Analytical Response Comparisons

Fig. 1-19 shows the numerical and analytical responses for a constant concentration of Rb-88, with no noise added. The dotted
lines are the components of the analytical response, from the two regions of the filter. The transit time is 120 minutes. The
numerical and analytical results are so close at this resolution that they appear to be identical. Fig. 1-20 is an expanded view.
Now we can see the variations in the numerical response as the individual filter strips leave the window. This variation ranges
over about 20 cpm out of 2200, or about one percent (there are 100 strips). When Poisson noise is added, this variation is not
noticeable at all.
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Figure 1-19. Analytical and numerical countrates, RW, constant-Q, Figure 1-20. Analytical and numerical countrates, RW, constant-
SL activity (Rb-88), with components. Detection efficiency, 0.15; Q, SL activity (Rb-88), expanded view.
flowrate, 5 cfm; collection efficiency, 0.7; concentration, 3.2x10°

UCi/ce; L, 2 inches; v, 1 inch/hour.

Fig. 1-21 shows the "exact" (as opposed to approximate) numerical CW response, and the analytical response, with no noise
added. This is, again, a constant concentration of Rb-88. The dotted lines are the contributions from the three regions of the
filter. The transit time is 120 minutes. As with the RW, the responses appear to be identical at this resolution In Fig. 1-22 we
have an expanded view, which now shows the variations in the numerical response as the cells exit the window. Again this
variation is about one percent, and is of no concern by the time Poisson noise is added

Figure 1-21. Analytical and numerical countrates, CW, constant- Figure 1-22. Analytical and numerical countrates, CW, constant-Q,
Q, SL activity (Rb-88), with components. Same parameters as Fig. SL activity (Rb-88), expanded view.
1-19; R, 1 inch.

1-22



Particulate Air Monitoring Mathematical Sourcebook

Analytical Moving-Filter Response Time

A major standard that relates to CPAM quantitative methods is ANSI N42.18-1980 [12], reaffirmed in March 1991. This
standard has been around since the mid-1970s (under the designation ANSI N13.10-1974). It is cited in several regulatory
documents, for example Regulatory Guide 8.37 [13], which states in section 3.1 that "Effluent monitoring systems should be
designed in accordance with" this standard.

An interesting requirement in this standard is in paragraph 5.3.1.7, which says: "For moving filter particulate monitors, a curve
of activity buildup versus time should be stated. The buildup coordinate should be expressed in percentages from 0 to 100
percent for the system response to nuclides in equilibrium deposited on the filter." Apparently the intent of this is to show how
the monitor responds, as a function of time. We have the mathematical tools to do this, via the countrate response models
developed above, although all the standard requires is for a "curve" to be "stated."

Presumably the concentration is to be held constant, and the time period is measured from a clean initial condition, up to the
transit time of the moving-filter monitor, although this is not specified. It is not clear what "nuclides in equilibrium" means in
this context, since we usually deal with the response to one nuclide at a time. We also usually do not work with the activity on
the filter, but rather with the observable quantity, the monitor's countrate, although these are of course proportional. The
response curve is to be normalized to the limiting value attained by these monitors when the concentration is constant, namely,
(1-25) for RW and (1-36) for CW.

We can provide a completely general response-time function to satisfy this requirement, for both RW and CW monitors. For
RW we have the response ratio consisting of (1-23) divided by (1-25). For CW we have a similar, but considerably more
complicated, expression, consisting of the sum of (1-33), (1-34), and (1-35), divided by (1-36). If we plot these fractional
responses as a function of a normalized time, namely the fraction of the transit time #7, we find the curves shown in Fig. 1-23.
In the figure, the lower two curves are for long-lived activity (the half-life was not specified in the standard), and the upper two
curves are for a short-lived nuclide, Rb-88. The solid lines are for the RW monitor and the dotted lines are the CW monitor.

These equations and the resulting curves will be applicable to any RW or CW monitor; simply multiply the time axis by the
appropriate transit time, and we will have satisfied this requirement from this standard, for any long-lived nuclide or for Rb-88.
If other nuclides are of interest, return to the equations cited, and re-evaluate them using the appropriate decay constants.

Fraction of limiting response

0.0 1 1 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fraction of transit time

Figure 1-23. Normalized response time for moving-filter monitors.
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Conclusions

In this paper we have developed mathematical models for the dynamic responses of FF, RW, and CW monitors. These models
provide a way to predict the output of a monitor (countrate), given a mathematical description of its input (concentration time-
dependence). No restrictions are applied to the concentration behavior, nor to the half-life of the monitored nuclide. We found
that the FF response model is a single integral, in fact it is the well-known scalar convolution integral. The RW response model
is the sum of two double integrals for times less than the transit time 7, and a single double integral for times after 7.

The CW response model is the sum of three triple integrals for times less than 7, and a single triple integral for times after 7. In
the general case (no restriction on half-life), one of the CW triples leads to an integral which cannot be evaluated in closed
form, and so countrate predictions must be found numerically. As a practical matter, however, this is not much of a limitation,
since most implementations of these models would be done numerically. The RW model is considerably simpler to use than is
the CW response model. We found an approximation which allows the use of the RW model to predict CW responses, for
many practical applications (it does, of course, have some limitations).

We also found analytical solutions for the countrate responses for a few selected concentration behaviors. These solutions are
quite general, and can readily be extended to apply to a variety of other concentration behaviors, by appropriate parameter
substitution, and by superposition of solutions, as needed, for more complicated concentration behaviors. We also compared
the responses of the three monitor types to several concentration behaviors, using plots.

A numerical simulation has been developed, starting from first principles. That is, it starts at the individual differential areas on
the moving filters, and solves the resulting ODE sets, numerically. This simulation does not use the analytical solutions in any
way. We have shown via plots that the numerical simulation agrees with the analytical solution for a selected case (constant
concentration of Rb-88), for both RW and CW monitors.

The work reported here provides a solid foundation for the analysis of CPAM applications in nuclear facilities, showing how
the output of a CPAM can be predicted from its input. A planned future paper will address the "inverse" problem, that of
estimating the concentration (input) given the observed countrate (output). Another future paper will develop mathematical
models, using linear-systems techniques, for calculating the concentration dynamics for systems commonly encountered in
nuclear facility air monitoring, including the effects of HVAC. This mathematics is helpful in relating CPAM-estimated
concentrations to source terms, such as reactor coolant leakage rates.
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Updates

Errata

In the published paper the region labels for (1-29) and (1-30) were reversed. The equation numbers were not changed here, so
as to remain consistent with the published version. Thus, (1-29) is for region C and (1-30) is for region B. This error is not of
much consequence since the three regions are added to get the overall CW response.

Decay-Chain Extension

The mathematical models in this chapter have been extended to accommodate decay chains, e.g., Radon-Thoron (RnTn). The
principal concept is to use matrix exponentials in the integrals defining the RW and CW responses. The relevant equations are
presented in Chapter 7. In that chapter are many specific solutions for the time-dependent responses for decay chains. Length
three is used, since that is the case for the Rn or Tn chain; this could be modeled as a 6-chain system but the results would be
very cumbersome and since the responses combine linearly it is better to use two chains of length three for modeling RnTn. For
fission product air monitoring, a two-chain is sufficient. The solutions for the top-of-chain nuclide are the same as those shown
in the present chapter, since the progeny do not affect the parent nuclides.

Example plots of the decay-chain responses for FF, RW, and CW (using the RW approximation (1-14) ) are shown in
Fig. 1-24, for a constant concentration of the top-of-chain nuclide, and zero air concentration for the progeny. Thus all progeny
response is from ingrowth. Figure 1-25 is similar, for an exponentially-decreasing concentration. Figure 1-26 shows how well
the RW approximation (1-14) works, even for the decay-chain application.

Geometric Efficiency / Shelf Effect

In the models reported in this paper/chapter, it was assumed that the detection efficiency was constant (“flat”) across the
deposition area. This is not the case, since the geometric efficiency will vary with the position of an emitting differential area.
This problem is addressed in Chapter 6. The essential result is that reasonable (i.e., within a few percent, well within statistical
variability) countrate predictions can be obtained by using the models developed in this paper/chapter, but with an effective
detection efficiency, found by averaging a specific function across the deposition area geometry. See Chapter 6.

It was also assumed that the detector’s field of view was restricted to the deposition area, perhaps by collimation. If this is not
the case then material that has left the deposition area can still be “seen” by the detector, inflating the countrate response above
that predicted by these models. This issue has been analyzed and modeled, but it is felt that this is not a major problem in the
practical application of CPAMs, and in any case would be so specific to the particular geometric arrangement of a CPAM that
there is no point in attempting some generalized-correction analysis.

CW Solution

An analytical solution has been obtained for the single-nuclide CW ¢ > T case, (1-36) in this chapter; that equation involves the
nonelementary integral Z and thus must be evaluated numerically. Here is the new result, for a sum-of exponentials Q(7):

FkoTje e (ﬂH(M —wi)+7TV|-_1(2H+1_wi))_V(”l1(”+1_wi))+2))

7R\ —wj)?

where L_( ) is the “Struvel” function and I;( ) is the Bessel I function. Since these are tabulated functions, this can be
evaluated readily, but its real usefulness is in the “fast-v”” Taylor series process (Chapter 4). It can be shown that this series
results in the same Q(7) in the first-order term behavior as happens in the RW case. Remarkably, the result is the same as
simply using (1-14) in the RW equations for the fast-v process.
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Figure 1-24. Decay-chain FF (blue), RW (black), CW (red) countrate responses for a constant concentration of nuclide 1 (top-of-chain)
only. Horizontal lines from equations 4.1.2, 4.2.2, 4.3.2 in Chapter 7. Note the zero initial slope for the progeny curves. The half-lives
were: nuclide (1) long, (2) 20 min, (3) 10 min.
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Figure 1-25. Same setup as Figure 1-24, with an exponentially-decreasing concentration (shown in first pane).
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Figure 1-26. CW responses; direct numerical integration of full CW model (Chapter 7, Section 2.2) vs. the RW approximation (dots). Top
pane, Rn chain; note that the 3-minute top-of-chain nuclide comes to equilibrium very quickly. (Its detection efficiency is artificial, for
illustration; as an alpha emitter, in many systems it would not be observed.) Middle and bottom pane, Tn. The "exact" solution is still
numerical, due to a nonelementary integral in the full CW model.
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Chapter 2

Quantitative Methods

IEEE Transactions on Nuclear Science, 48(5), Oct 2001; 1639-1657

Quantitative methods for the estimation of concentrations and time-integrals of concentrations of airborne
radioactivity using continuous particulate air monitors are discussed. For fixed-filter and moving-filter monitors,
methods based on countrate derivatives and integrals are summarized, with plots of simulation results. An approach
for estimating a total-episode activity release, using moving-filter monitors, is described. Also presented is an unusual
concentration measurement technique, that of an integrated-count step-advance filter (ICSAF) monitor. The instrument
uses an integrated count for the concentration estimate, and it also advances the collection medium ("filter"), held fixed
during the measurement interval, after each measurement is made. The measurement interval can be determined by
either a preset count or a countrate-controlled integration time. This instrument's performance is mathematically
analyzed in some detail, with graphical simulation results. The ICSAF monitor has excellent transient-following
abilities, and good sensitivity. Its quantitative approach does not depend on assumptions of constant concentrations of
long-lived activity, nor is there a need to wait for the monitor to attain some "equilibrium" countrate, as with moving-
filter monitors. This instrument would be an excellent choice for many monitoring applications.

Introduction

Continuous particulate air monitors (CPAMs) are used in many nuclear facilities, usually in one of two modes. In a qualitative
role, these monitors perform a continuous hypothesis test, that is, deciding whether or not an alarm condition exists. In a
quantitative mode, the monitor is used to estimate some quantity, usually the concentration of a nuclide in the sampled air. It is
possible for a given monitor to fulfill both purposes at the same time, but generally they focus on one or the other.

Hypothesis testing requires a setpoint or threshold to be defined, and this can be done using the mathematical monitor response
models developed in [1], for fixed- or moving-filter monitors, which apply for arbitrary concentration behaviors, for nuclides
of any half-life. Setpoint calculations are usually done via a relation that can predict the monitor's output (countrate) for some
specified input condition, which is usually based on a limiting concentration of a particular nuclide.

This paper seeks to address the quantitative mode of application for CPAMs, which might be viewed as the "inverse" of the
qualitative problem: given an observed monitor output, what can be inferred about the input? An early paper [2] addressed this
problem for fixed-filter (FF) and rectangular-window (RW) moving-filter (MF) monitors. These and other methods for FF and
MF monitors will be briefly reviewed, including methods based on derivatives, and integrals, of the monitor's net countrate.

In the first section below, we present an overview of methods for obtaining quantitative results from fixed-filter and moving-
filter CPAMs. This will include: (a) direct use of the countrate; (b) countrate derivatives; (c) initial countrate derivative; (d)
attained countrate after delay; (e) countrate integrals. The second section presents the re-introduction of a monitoring approach
first implemented in the early 1960's, a stepped-advance filter monitor. This instrument's performance, enhanced with
modifications to its original calculations, will be analyzed in some detail.

Overview of CPAM Quantitative Methods

Introduction

For the quantitative application of CPAMs, what we seek to do is to estimate some quantity, which is not necessarily constant,
by analyzing the time-dependent response of the instrument. For CPAMs the input is the dynamically-varying concentration,
denoted by Q(t), of a nuclide in the sampled air, and the output is the net countrate above background.

This background is the sum of the countrates due to: (a) the external radiation field in the vicinity of the detector; (b) natural
airborne radioactivity (usually referred to as radon-thoron, or RnTn) on the filter; (c) contamination of the monitor;
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(d) electronic interference or noise; (e) a checksource, if installed. The external component is nearly always present, and is
usually nearly constant, while RnTn may or may not be in the sampled air, depending on the application, and if present can in
some cases vary significantly, over periods of several hours. This variation can cause problems for some quantitative methods,
notably, those based on countrate derivatives.

Monitor contamination is generally correctable, although some material may have become attached in difficult-to-clean areas.
This contribution to background should be essentially constant. Electronic noise tends to be sporadic, and is a difficult problem
to overcome, no matter what quantitative methods are used. Finally, some checksources can cause a countrate response in the
detector even in the retracted position. This component of background can be considered constant.

Next we will examine the quantitative relations that monitor vendors have often provided with CPAMs, and then move on to
review and develop several quantitative approaches for these monitors.

Monitor-Vendor Calibrations

Monitor vendors, in their sales literature and operation manuals, usually provide some "calibration" expressions or curves
which are to be used to establish the quantitative relation between the monitor's net countrate and a concentration in the
sampled air. For fixed-filter monitors this often takes the form of a log-log plot of the countrate's rate of increase, e.g., in
counts per minute (cpm) per minute, vs. the concentration. The curves are implicitly parameterized on detector efficiency, and
are often plotted for a few selected nuclides. While the nuclide names are given, what it is about them that leads to the
respective curves is often not stated.

We will see below that the FF derivative can be directly used, at any time, if, and only if, the nuclide is long-lived (LL)I. That
is, if we can somehow obtain a reliable countrate derivative estimate, and the activity is LL, then the vendor curve can be used.
If the nuclide of interest is not LL, such as Rb-88, then an additional correction is required.

The primary issues with these FF vendor "calibrations" are: (a) when only curves are provided, there is no explicit statement of
how to generalize the quantitative relation to, e.g., various flow rates or detection efficiencies; (b) the countrate-derivative
relation will only work properly for long-lived nuclides, unless a correction is applied; (c) this limitation is usually not stated.

For moving-filter monitors, what monitor vendors have often done is to provide equations or graphs, as with the FF monitors;
these graphs indicate countrate vs. concentration. However, it is essential to be aware that these relations correspond to a very
specific and limited special case. The restrictions are: constant concentration; long-lived activity; the time of concentration
estimation must be at least the transit time, or greater. Frequently at least one of these conditions is not explicitly stated, and,
often, none of them are. Sometimes it is not even stated whether the monitor is RW or circular-window (CW).

Using (1-26) for RW monitors, for this special situation we have the constant countrate, for the constant concentration Q,, in
uCi/ee,

. L
CRW(Qﬂ) = 8ka¢Q02_v

while for CW we have, using (1-41),

. 8R
Cow(Q,) = 8ka¢Q0%

In these expressions, £ is the detection efficiency (including a gamma abundance if spectroscopy is used); k is a conversion
constant (2.832){104 cm’/fe times 2.22x10° dpm/puCi); F,, is the monitor flowrate, f/min (cfm); ¢ is a collection efficiency,
including line loss and/or anisokinetic corrections as needed; L is the length of the rectangular window; R is the radius of the
circular window; v is the filter speed.

' Long-lived activity does not decay appreciably during the analysis period. Short-lived (SL) activity may decay significantly.

% The transit time is the time required for a differential-area element of the collection medium to completely traverse the deposition window. See [1]. Note that
this "transit" time should not be confused with the "transport" time for material to reach the monitor from the sampling point.
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For the simulations reported here, and for the figures, the default values for g, F,,, and ¢ were 0.2, 5 cfm, and 0.7, respectively,
while L, R, and v were 2 inches, 1 inch, and 1 inch/hour, respectively. The transit time for RW is L/v, while for CW it is 2R/v.

The expressions above are the limiting or "equilibrium" countrates attained at and after the transit time, for constant-Q, LL
activity. The transit time is typically about two hours. Some vendors provide plots of the above linear function of countrate vs.
concentration, parameterized on £ as a function of energy, for a given flow rate F. Given just this curve, it would not be
apparent to most users how they would generalize even this restricted quantitative relation for the other flowrates, efficiencies,
window sizes, filter speeds, etc. which might occur in their application.

The major issue is that these curves, or equations, are very misleading, implying that the countrate at any time, and for any
isotope, regardless of half-life, can be directly interpreted in terms of a concentration. This is not the case at all, and these
curves have led to some misunderstanding about the application of moving-filter monitors. With only these curves provided,
there is no hope of interpreting what is really going on, dynamically, with the instrument as it responds to various plant
conditions. For that, we need the response models developed in [1]. These curves, or, as some vendors have provided,
equations similar to those above, should have explicit labeling, making their limitations clear.

Next we consider several approaches, which either use the countrate, or quantities derived from it, to estimate the
concentration, or quantities derived from it. For each we will look at fixed-filter and moving-filter monitors.

Countrate to Concentration (Instantaneous)

Fixed Filter
The starting point for the input/output analysis of this monitor type is the FF ordinary differential equation (ODE):

‘;—f =¢ekg Q(t)F, (1) — AC (2-1)
and its solution, via the scalar convolution integral,
Cp(t) = €k ¢ exp(—/lt)j Q(7)F, (7) exp(Ar)dr (2-2)
0

where C (t) is the monitor net countrate, cpm; Q(¢) is the time-dependent concentration of the nuclide in the sampled air,

UCi/cc; A is the decay constant for the nuclide of interest. We consider a single nuclide at a time; if multiple nuclides are
present in the sampled air, then high-resolution spectroscopy is indicated. The flow rate is assumed constant over the analysis
interval. If this is not the case, then the flow rate as a function of time must be defined and used inside the integral in (2-2), as
indicated in (2-2). For example, the flow rate might be an exponential, or perhaps linear, decrease with time.

Clearly we do not have an explicit relation between the FF output countrate and its input concentration. The relation is via the
integral of the concentration. We can get the countrate from the integral of the concentration, or we can get to the concentration
through the derivative of the countrate. Both of these approaches will be discussed below. However, we cannot directly relate
an instantaneous countrate to an instantaneous concentration for a fixed-filter monitor. Intuitively this makes sense, because
particulate monitors are integrating instruments- they must accumulate some material on the collection medium before a
countrate can be developed.

Moving Filter

For these monitors there is one very limited case where we can directly relate the monitor countrate and a concentration. Since
this involves a time delay, it will be discussed in a later section, on that topic. However, aside from this special case, as with
the FF monitor, it is not possible to directly relate the instantaneous countrate and instantaneous concentration for moving-filter
monitors. This can be seen from the moving-filter monitor response models in [1].

Some preliminary simulation results indicate that using a variable filter speed might lead to a direct proportionality between a
moving-filter countrate and its input concentration. This needs further research, but even a simple linear scaling of the filter
speed with countrate produces countrate traces that appear to follow the concentration profile reasonably well.
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Countrate processing

An important consideration in using monitor countrates, for any mode of concentration estimation, is that of providing variance
reduction. Even though, as discussed above, we rarely use the countrates directly, it is still important as a component of some
estimation methods to have a variance-reduced countrate available.

One way of developing a variance-reduced or "smoothed" countrate is to use a digital filter, such as the exponentially-weighted
moving average (EWMA), which can be considered a fixed-gain Kalman filter:

Z =z, t a(xz - ZH) (2-3)

Here z is the processed output and x is the raw input, at each time step. This is also known as an "alpha" filter, with gain . The
EWMA will suffer from lag problems when the countrate is changing [3], especially when small gains are used to obtain a
larger amount of variance reduction. It is possible to use various rules to adjust the EWMA gain, e.g., based on the countrate
decade, similar to analog ratemeters.

A better approach is to use an adaptive exponentially-weighted moving average (AEWMA) [4]. This filter has effective
variance reduction, while also providing rapid response to transients. The algorithm for this processing is

V/i:C_AJ

q[=11+7(l//1_qt)

5[=i1 (|| )

s (2-4)
s

At:/L'—l i T

_A

B

where W is the prediction error; C is the count accumulated each time step; A is the smoothed count; g and & are the smoothed
error and smoothed absolute error, respectively; ¥ is a gain, typically 0.1; « is now an adaptive gain used for the count
smoothing. The variance-reduced countrate is just the smoothed count divided by the time step size At. Larger prediction errors
will occur when the count data is changing rapidly, and so the filter gain will "speed up" to track the input more closely. As the
data settles back into a constant level, the AEWMA gain will decrease, producing more variance reduction.

The digital step size At is an important consideration. If it is too short, e.g., one second, then at low concentrations there will be
few counts accumulated per time step, making the AEWMA's variance-reduction job that much more difficult. If it is too long
the monitor will not be of much use for applications requiring rapid response. Thus this parameter should be optimized for each
application. For the simulations presented herein, the step was set at five seconds.

Countrate Derivative

Fixed filter

It has long been recognized that the ODE for the FF monitor, (2-1), says that the time derivative of its countrate is proportional
to the instantaneous concentration, for long-lived activity only. In (1) the loss term will vanish as A approaches zero, and we
have a simple linear proportionality relating the countrate derivative to Q(z). This is a straightforward theoretical result, but in
practice it is not especially useful. One reason for this is that the derivative estimation must be done numerically, using noisy
data, and simple countrate-derivative estimates are very erratic unless the countrate (and thus the concentration) level is high.

For a nuclide of any half-life we can rearrange (2-1) and solve for the concentration:

o = ! (E + /16"] (2-5)
dt

EkFE,§

if we have a time-dependent derivative estimate and of course the countrate itself. Both of these are net, background-corrected
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values. The monitor flow rate can be nonconstant as long as we have a dynamic estimate of it, as we might in a digital system.
In applications where RnTn is an issue, the effects of this interference must be removed prior to taking the derivative. This is
not simple. Note that, for short-lived activity, we must know which nuclide is being monitored so that we have its decay
constant. For gross monitors this means that we need a single, or at least strongly predominant, nuclide in the sampled air.

Concentration estimates using (2-5) will be very noisy, due to the derivative. Nonetheless, there could be some restricted
applications where this approach might work reasonably well. The problem of "clearing" any long-lived activity from the filter
remains an issue, since this will make it nearly impossible to see lower concentrations once a high concentration transient has
been experienced.

An improved approach for derivative estimation from noisy data is a radar tracking filter [5], which can be expressed as

o = Q — 2
i At i—1
L =4, tag (2-6)
B
= — .
i i-1 At ¢1

2, =z + 1t

where o and S are fixed gains, C is the count accumulated during a time step Az, and r is the derivative output. This is often
referred to as an "alpha-beta" filter, for obvious reasons. The performance of this filter, with regard to variance reduction vs.
lag, is very much dependent on the settings of these gains, which are usually adjusted empirically. For the work reported here,
awas 0.1 and S was 0.005. The input to this filter can be either the raw countrates, as indicated in (2-6), or the output of the
AEWMA, (2-4). Generally, the latter will perform better under most circumstances, as we would expect, although the
difference is not large.

Fig. 2-1 shows concentration estimates for a simple first backward difference numerical derivative, for an exponential Q(t) of
Rb-88, using raw countrate data (accumulated counts divided by the digital time step size, five seconds). Clearly, these
concentration estimates are all but useless. Fig. 2-2 shows the same situation, but using the AEWMA countrates in the
derivative. These estimates are much less scattered, but still not of much value. Interestingly, however, as we will see below in
the section on concentration integrals, the numerical integral of these noisy estimates can in fact produce a usable result.
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Figure 2-1.  First-difference numerical derivative concentration Figure 2-2. First-difference numerical derivative concentration
estimates, using raw countrate data. Solid line is known concentration. estimates, using AEWMA countrate data. Solid line is known

concentration.
Fig. 2-3 shows the concentration estimates for the radar filter (2-6), using as input both the raw and AEWMA countrates. At

the plot resolution we cannot separate these estimates. Note the lag at the start of the Q() transient. This is the price we pay for
the superior variance reduction of the digital filter derivative estimator.
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Figure 2-3. Radar-filter derivative concentration estimates, using both raw and AEWMA
countrates as input. Same Q(t) as in Fig. 2-1 and Fig. 2-2.

Moving filter

Examination of the moving-filter response models in [1] will show that there is no straightforward relationship between
derivatives of those countrates and the concentration; this has been verified with numerical studies, using the detailed monitor-
response simulation also described in [1]. Intuitively, this happens because the filter movement acts as a loss term, in a
differential-equation sense, and the amount of this loss per unit time is not simply-related to the instantaneous concentration,
since the filter elements leaving the window have integrated the Q(t) behavior for various lengths of time.

Initial-Slope Approach

Fixed filter

Consider again the FF ODE, (2-1). At time zero, when the Q(?) transient begins, we have a zero net countrate, due to the
assumed zero initial condition (clean filter at time zero). Thus the loss term is negligible, and the slope (derivative) of the
countrate will be directly proportional to the concentration at time zero, for a nuclide of any half-life.

I ac

0) ~ ———
o) ekF,¢ dt|

2-7)
In this case, the monitor flow rate can be taken as constant since we are only examining a short time span.

Moving filter

Moving-filter countrate response models reduce to the FF case when the filter speed approaches zero [1]. For the first few
minutes of a transient, the filter does not move much, and we can consider the moving-filter monitors to be fixed-filter, briefly.
In Fig. 2-4 note that in the first 15 minutes or so after the start of the Q(z) transient at 50 minutes, the moving-filter countrates
are indistinguishable from the fixed-filter countrate. Thus the moving-filter initial slopes are also proportional to the initial
concentration. This is the case no matter what the Q(¢) behavior may be, or what the nuclide half-life is.

In fact, it can be shown analytically that, for all three monitor types (FF, RW, CW), the initial slope is proportional to the initial
concentration. One way to show this is to use a constant concentration, with a general half-life, find the countrate solutions,
take their time derivatives, and evaluate them at time zero. This was done, using a symbolic-mathematics program, and the
result, after a lot of algebra, is as stated.
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If the concentration is constant, then we could use the initial slope to quickly obtain an estimate of it, rather than waiting for the
moving-filter monitors to attain their steady-state values. This time delay can be significant, on the order of two hours.

Figure 2-4. Countrate responses, FF, RW, CW monitors, constant-Q, Figure 2-5. Expanded view of initial slope estimates, same data as
10° uCi/cc, Rb-88. Equilibria predicted using  (2-8) for FF; (2-9) for Fig. 2-4.
RW; (2-11) for CW. Countrates are AEWMA-processed.

Example

To illustrate the initial-slope concept, again consider Fig. 2-4. Here we see the buildup of the countrates of FF, RW, and CW
monitors for a step change in the concentration. The initial slope was estimated using the first minute's worth of FF countrate
data, which for the digital step used, 5 seconds, means the first 12 samples. This data was processed using linear regression [6],
and the initial-slope lines drawn in the figure include the point estimate and approximate 95% confidence bounds on either
side. The known concentration was 10™* uCi/cc; the slope point estimate was 0.948x10™ puCi/cc, with a 95% confidence interval
of [0.769x10® 1.13x10°®], which covers the known value. In Fig. 2-5 we have an expanded view of Fig. 2-4, at the start of the
transient, so that the slope lines and data can be seen more clearly.

Thus, a regression approach can provide very good estimates of the initial concentration. This assumes, however, that we have
a way of estimating when the transient has started. In this example this time was of course known without error. To automate
the detection of the transient's start time, we might consider the methodology in, e.g., [7]. In principle, the detection of the
transient and the estimation of the initial slope can be mechanized.

Note that in this context we extend the meaning of "net countrate” to be that due to activity, not only above the ambient
background and RnTh, if present, but above any pre-existing, constant countrate. The latter may result from, e.g., a FF monitor
sampling a constant-Q, SL activity for a time sufficient to attain equilibrium, or a MF monitor sampling SL or LL activity for
at least its transit time. The Q(0) that we estimate using (7) is in addition to any constant level of activity that may already be in
place.

The initial-slope approach differs from the countrate derivative method (2-5) in that it does not require a half-life correction,

and it can be used for MF monitors. However, it only estimates the initial concentration Q(0); how useful this will be of course
depends on the application.

Attained Countrate After Delay

Fixed filter
In some contexts it is acceptable to define a time delay after which a FF monitor will produce some net countrate, for a given
concentration input. A typical value for the delay is one hour. The concentration is of some specified isotope and is assumed
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constant over this time delay. The countrate attained will be, using (2-2) with a constant flow rate, and constant concentration
QO?

: EkFE, ¢ O

Cor(t) = ———=[1 — exp(=An) ] (2-8)
This sort of specification is often used in defining detection sensitivities, so that the concentration used in the countrate solution
would be some lower-limit value. The issue then is, will the monitor produce a reliably-detectable countrate increase above its
background when it responds to this low-level concentration over a period of one hour.

For dynamic concentration-quantification purposes the idea of waiting one hour and then seeing what net countrate is attained
has little practical value. In principle one could use the monitor-response solutions in [1], substitute one hour (or any other
fixed value) for the time 7, and then solve for the constant concentration, using the observed net countrate at the delay time, for
a given nuclide. For the FF monitor this is trivial, especially for long-lived activity, as is often assumed in these performance
specifications. The countrate simply increases linearly with time, and the question reduces to finding whether the countrate
increases sufficiently above the monitor background to be "reliably detectable."

A variation on the time-delay approach, if we can assume a constant concentration, is to observe the time required for a FF
monitor to, e.g., double its countrate. Once the monitor has reached an alarm setpoint, not far above its background, we can
record the time required for the countrate to reach some multiple of the alarm level. Using (2-8) for a given nuclide, we can
calculate how long it would take to increase the countrate to the multiple, for some particular concentration. If it takes this
amount of time or less, then that concentration limit has been exceeded.

Moving filter

Recalling that this time-delay approach requires a constant concentration, we have the necessary expressions for the countrate
of moving-filter monitors at any time, for any half-life, from [1], namely (1-23) and (1-25) for rectangular-window, and (1-33)
to (1-36) for circular window monitors. Since the usual delay-time specification is one hour, and the typical moving-filter
transit time 7 is two hours, we will need to use the #<T expressions. This is algebraically messy, but manageable. The CW case
will require a numerical approach, due to the nonelementary integral in this solution, if the nuclide of interest is not long-lived.
If it is LL, the expressions have closed forms. All else being equal, after one hour, the moving-filter monitors will have a
substantially lower countrate than will the FF monitor, thus reducing their sensitivity (i.e., their ability to rise above their
background countrates to a reliably-detectable level). This can be seen in Fig. 2-4, which used a short-lived nuclide (Rb-88);
the difference is more pronounced for a long-lived nuclide.

If we wait until at least the transit time, typically two hours’, things become considerably simpler. Taking the RW monitor first,
we have, assuming a constant monitor flow rate and using (1-25), the constant countrate

. 1 1
Crw (1) = Ska¢Qo{z - /12T[] - exp(—/iT)]} (2-9)
from which we can define a proportionality constant
Cpy I 1(1 I
= — === — ——[] — exp(-AT 2-10
v Q, €kF,¢T T{l /IZT[ w )]} 10

This idea is based on [8], and the constant will prove to be useful below. The division by the transit time 7 makes the constant
dimensionless. Note that if the activity is long-lived, the limit of (2-10) as A approaches zero is V5.

For the CW monitor we have the constant countrate after the transit time, using (1-36):

C.CW(I)zngQO[]_ 2v 2 Z(E’EH o1

A AZR AxR? 2

where Z is the nonelementary integral

? Or increase the filter speed to make the transit time one hour.
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a

Z(a,b) = RI exp[—stin((Z)] sin()do (2-12)
0

which arises in the CW model; this is (1-27). The proportionality constant can now be defined for CW monitors:

Ew = Cow ; = L{] - i[} - iz[z’gﬂ} (2-13)
0, €kFE oT AT AxT R \2

For LL activity the limit of this expression is 4/3w. For the common case of a transit time of 120 minutes, the value of (2-13)
for Rb-88 is 0.1588, with Z evaluated numerically. Note that the window radius R will cancel, in this expression. As noted in
[1], there are approximations given in [8] which can avoid the integral Z, but evaluating Z numerically is to be preferred, and
this is straightforward with modern computing capabilities. With these expressions for the attained countrates of the RW and
CW monitors, we can easily solve for the constant-concentration estimate, given an observed net countrate after the delay
time 7.

Returning to Fig. 2-4, we have a plot of the FF, RW, and CW responses to a step change in the concentration, and the
respective equilibrium countrates are indicated by horizontal dotted lines. These lines were calculated using (2-8), (2-9), and
(2-11), for FF, RW, and CW, respectively. The agreement is good. Note that the noisy countrates (AEWMA-processed) were
generated by the numerical simulation discussed in [1], and this simulation is independent of any analytical models.

Concentration Time-Integrals

Fixed filter

If we revisit the FF ODE solution, when it is written in the form of the convolution integral, (2-2), it is clear that we could
make some progress by thinking in terms of the integral of the concentration, rather than its instantaneous value. The integral
will be time-dependent, and it includes the effect of the dynamic variations in the concentration. The question is, of what use is
the integral of the concentration?

This integral turns out to be very useful, arguably more so than the "instantaneous" concentration. Consider the following
expressions:

n

R(n) = I Q) F (1) dt (2-14)
n

Um = I Q(7) F,(7)d7 (2-15)
0

_ 17

om = ;J‘ Q) dt (2-16)

Equation (2-14) is for the release of activity from the facility in an effluent stream, where F is the "stack" flowrate. The release
integrand product Q(#)F(t) is often referred to as a "release rate." Equation (2-15) is for the human uptake (or "intake") of
activity via the respiration pathway, with F, an inhalation ("breathing") rate. Equation (2-16) is the definition for the average of
a varying concentration over some time 77. If we assume the stack flowrate and breathing rate are constant then they come
outside the release and uptake integrals respectively, leaving just the concentration time integral. If they are not exactly
constant, we can usually break down the interval [0 77] into subintervals where these flows can be considered reasonably
constant, and then sum the resulting integrals.

Looking at the FF solution (2-2), we see that we have an exponential inside the integral, so that we cannot write the three
integrals above directly in terms of the observed countrate, unless we assume long-lived activity. (We do not want to impose
this restriction.) However, we can re-write the original ODE (2-1) as we did in (2-5), and if we integrate both sides of this with
respect to ¢, we obtain, for a zero initial condition (clean filter) and a constant monitor flow rate:
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t

C(r) + /1.[
0

This says that the sum of the countrate and a multiple of the integral of the countrate is proportional to the integral of the
concentration. Now we can do the algebra to solve for the release, uptake, or average concentration using the countrate and its
integral (the countrate integral can be evaluated using an analog scaler or digital numerical integration). The results are

C(v)dr = €k Fm(/ﬁI Q(r)dr (2-17)
0

n
F{C(n) + ﬁf C(z’)dz’}
0

R(p) = F o (2-18)
F{C(n) + ZI C(Z’)dT:|
Um) = vy ¢ (2-19)
~ cm + A j C(r)dt
o) = - (2-20)

EkF on

Note that in order to apply these expressions, we must choose an isotope so that we have its decay constant A. This approach
will not work for gross (nonspecific) monitors that are observing isotopic mixtures. High-resolution gamma spectroscopy is
indicated for such situations, and then these relations can be applied to one isotope at a time. Note also that if the isotope of
interest is long-lived, then the decay constant is small, and the contribution from the count integral vanishes. This says that for
a fixed-filter monitor and LL activity, the release, or uptake, is directly proportional to the attained countrate, no matter what
the concentration dynamics were.

A complication in applying these expressions is that the countrate used must be a net countrate, above background. This is of
course for both the countrate itself and its integral. In many applications the background is reasonably constant and can be
estimated by the monitor, periodically, and then subtracted. In other cases the plant environment may cause a fluctuating
background. RnTn might be a significant concern, for some applications.

However, (2-18) and a stack monitoring system based on it were developed by the author at a PWR in the late 1960's [9], and
neither the ambient background nor RnTn was a problem. The approach worked very well for the effluent monitoring situation
at that plant. The particulate releases consisted almost exclusively of episodic purges of Rb-88 from the containment, prior to
entry. This means a rapidly-changing concentration of a short-lived, single isotope. Because of this history, (2-18) is termed the
"Rb-88 Method."

In Fig. 2-6 we have an example run, showing the Rb-88 Method release estimate, compared to the known release. The
agreement is excellent; the estimate cannot be distinguished from the known values. The relative error is also shown, and it is
less than 0.1 percent. Note that the estimate is dynamic, that is, it follows the release value as it changes during the
concentration transient.

DAC-hour estimation

An important CPAM application for occupational exposure assessment is that of estimating the "DAC-hour" exposure of
workers. The DAC, or derived air concentration, is based on an ALI, or annual limit on intake, for a given nuclide. The
"exposure" is the time integral of the concentration. If we divide (2-19) by the breathing rate, and then divide again by the
DAC for a given nuclide, we will have

2-10



Particulate Air Monitoring Mathematical Sourcebook

Figure 2-6. Release (concentration integral) estimate using — (2-18), Figure 2-7. DAC-hour estimates for all FF methods, including first-
and relative error, compared to known value. Release is scaled difference derivatives. Inset shows data at start of transient. Lag of
arbitrarily to fit on relative error vertical scale. radar derivatives at start of transient is evident. First-difference and Rb-

88 Method (2-22) track closely together (remaining curves in inset).

n
Cp) + /IJ‘ C(r)dr

DAChr(n) = 7 ¢”DAC (2-21)

so that a FF monitor can estimate the exposure continuously. This is a dynamic estimate, which evolves during the work period
[0 7], so that alarms can be set on the basis of DAC-hour exposure, rather than (or in addition to) concentration. In addition,
any method that periodically estimates a concentration can of course be numerically integrated to produce a DAC-hour
estimate, but (2-21) will be continuous.

In Fig. 2-7 we have DAC-hour estimates from (2-21) for Rb-88, as well as those from the numerical integration of all four
derivative concentration estimates (first difference using raw and AEWMA data; radar filter using raw and AEWMA data).
The agreement of all five of these estimates with the known values (solid line) is excellent, although in the inset, an expanded
view near the start of the transient, we can see that the radar-filter-based estimates are lagging. This is the same behavior we
saw in Fig. 2-3.

The Q(t) behavior for this example is a constant-Q at a low level, and then at 200 minutes a rapid increase occurs, followed by
a rapid exponential decrease (the same shape as in Fig. 2-3). This simulates a work situation with a nominal Q(z) level, during
which some event causes a higher concentration to occur very quickly. The "action level" shown in the figure is just for
illustration, since the DAC-hour levels in this example are very small. The point is to show that an alarm, or evacuation order,
can be generated dynamically by the monitor, in real time.

Note that in the inset in Fig. 2-7 we can see that the first-difference derivative DAC-hour estimates (thin solid lines) and those
from (2-21) (dashed line) are following each other closely. This is because a numerical integration of the derivative
concentration estimates from (2-5) will amount to the same thing as the numerator of (2-21). So, even though the derivative-
based concentration estimates may be very erratic (if we did not use the radar filter, or some equivalent), their integral is still a
usable estimate for a concentration integral, such as a DAC-hour estimate.

Rb-88 Method concentration estimates

Equation (2-18) is intended to be used for effluent applications, over relatively long time intervals of many days or even weeks.
However, there is nothing preventing us from using the closely-related expression (2-20) over short time steps, such as five
minutes. This will produce a series of average concentration estimates over those time steps, assuming that we clear the scaler
(integral) at each start, and use the change in countrate, over the time interval. This can be written as
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n

_ 1 . . .
0 = [cap-co)] + AIO C(o)dr (2-22)

where 77 is the averaging interval and the time variable is zero at the start of each interval. The countrates are as usual net,
although the countrate difference can be gross, since the background will cancel.

One might expect that this estimate would not be correct for cases where there was a release episode and the fixed filter was
not replaced prior to the next episode. However, it can be shown that the "residual" countrate due to the previous episode,
whether LL or SL, will not affect the concentration estimate (2-22). What that elevated countrate will do is raise the effective
background countrate of the instrument, so that its detection capability will be reduced, particularly for a LL nuclide. This
could "mask" a smaller release after a larger one. Hence it would be best, where practical and where releases tend to be
episodic (e.g., containment purges), to replace the filter after each release episode. This would not be much of a burden since in
most instances we would want to take the filter to the laboratory for detailed spectral analysis after each release episode.

In Fig. 2-8 we have the concentration estimates produced by this approach, for an exponential Q(#). The squares show the
estimate, at the time it is evaluated, and the line to the left shows the five-minute time interval covered by that estimate. The
dotted line to the right indicates that this will be the concentration estimate we have, until the next estimate becomes available.

3
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Figure 2-8. Concentration estimates for five-minute Rb-88 Method averages, based on (2-22). Exponential pulse of Rb-88.

7 7

6 x 10 s x 10
51 ['.*,'JU'J-. | g 5
| # !
| |
| |
4 | | 1 4+
| |
o | ! o
2 | ! S
l% 3 | | B g 3
| |
£ I ! £
g 2 okl [ ! 1 g 2f
£ |
8 : : | I $
| | I !
1+ | | | ! i L
I | I ! I | !
I | I ! I |
I | I ! I |
0 1 i.:w___ | :ﬁu'-' e 0
A I I I I L A I I I L L
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time, min Time, min
Figure 2-9. Concentration estimates for five-minute Rb-88 Method Figure 2-10. Concentration estimates for five-minute Rb-88 Method
averages, based on (2-22). Pulses of Rb-88 activity. averages, based on (2-22). Pulses of long-lived activity.
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The concentration estimates follow the Q(z) behavior well, as long as we recognize that the indicated concentration is the
average over the previous five minutes. In Fig. 2-9 we have three pulses of Rb-88, while in Fig. 2-10 we have the same Q() for
a long-lived nuclide. Note the additional scatter in the estimates in the latter case, due to the residual LL activity after a pulse.

Moving filter

Consider the RW and CW response to an exponential buildup/decay Q(t) transient, in Fig. 2-11. This is for a long-lived
nuclide; the response is very similar for SL. We observe that the countrate response has the same general shape as that of the
concentration. This would not be the case for a FF monitor, which would stay at an elevated countrate after the Q(t) had
become small. We might speculate that there could be some proportionality between the integral of the moving-filter countrate
and the integral of the concentration. This was proposed in [8], for CW monitors, expressed as

11000
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9000 |-
8000 | RW, CW countrates
7000 |

6000

5000 Concentration

4000

3000

Countrate (cpm), scaled concentration

2000 |

1000 -
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0 50 100 150 200 250
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Figure 2-11. Countrates for RW and CW monitors for exponential Q(t). Concentration
arbitrarily scaled to fit on countrate axis.

I C(r)dt
0

$ = — (2-23)
EkF, ¢ TJ‘ o) dt

where £is a constant of proportionality, and T is the transit time. As usual the countrate is net, background-corrected, and the
monitor flowrate is constant.

The constant £ is independent of the shape of Q(t), as long as Q(t) tends to zero as time increases. This will not apply for the
constant-Q case. Since the integrals are taken to infinity, any quantitative method based on (2-23) only applies after the
concentration transient is completed, and after the monitor response has returned to zero (i.e., background). As a practical
matter this would mean a delay of at least two hours, and possibly much more, depending on the shape of Q(z). In some
applications this delay would be unacceptable, in others it would not be an issue.

This constant of proportionality £is the same as was discussed above, in the section on attained-countrate. There, we found an
expression for this constant, for RW monitors, (2-10), using a constant concentration. We can use the RW response model for
an exponential-decrease Q(t) to derive & again, this time using (2-23), to show that they are equivalent. From (1-21) we have
the RW response to a single-exponential decrease Q(t) for time less than T:
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EkF, 90, v

. EkKF, 90,
(A-r) L

CRW—I ) = 1

[exp(—rt){t(/l—r)—]}+ exp(—/u)] (1—%) [exp(—r) —exp(-A1)]  (2-24)

where r is the parameter controlling the Q(t) decrease. For time after 7 we have from (1-22):

Cpy, (1) = %{exp(—rﬂ(l—r—%j + %exp[—r(t—%j _L ,1” (2-25)

Then we can write

T oo
J- Cpy_, (Ddt + J- Cpw_, (D) dt
0

T

9

=0
r

£ =

(2-26)
EKFE, 9T

which when evaluated is the same as (2-10). Thus we have found the same & for a constant and an exponential Q(1); the relation
is via a countrate for a constant Q, and via the integrated counts for a time-dependent Q.

The expression for the concentration integral for the RW monitor, using its constant (10), is

- J -
J:} odt = m Io Cpy () dt (2-27)

while for the CW monitor we have, using its proportionality constant (2-13),

o ] -
= 2-2
fo cwd ngm¢T§CW Io Con (Nl 229

Recall that in both cases the proportionality constants become very simple for LL activity. As a practical matter, the upper limit
of the integrals can be replaced with the time at which the monitor net countrate returns to "zero" counts per minute. Using this
finite time means that we can estimate an average concentration over the episode, by dividing the concentration integral by the
total time, i.e., (2-16).

In Fig. 2-12 we have an example run for an exponentially-decreasing Q(t). We see that at the time corresponding to the sum of
the transit time (120 minutes) and the time needed for the Q(?) to become small, when the LL activity has been cleared (i.e., the
net countrates are small), the integral estimates (2-27) and (2-28) agree with the true value, but not before. A similar plot can
be made for SL activity.

A number of simulation runs of cases of Q(t), including non-exponential behaviors, have verified (2-27) and (2-28). That is, no
matter what the Q(¢) behavior is, as long as it, and the monitor net countrate, approach zero within the analysis period, we can
obtain a single estimate of the integral of the concentration over the entire episode (not dynamically during it), by using the
integrated countrate in (2-27) or (2-28). On the other hand the FF expressions above (2-18) to (2-20) are dynamic, and evolve
during the course of the transient. Thus we can keep track of the current level of release (or uptake) as the situation develops.
We note that both attempts at a quantitative use of moving-filter monitors (attained countrate or integrated counts) require a
delay of some two hours before a result is possible. The only exception to this is the initial-slope method (2-7).
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Figure 2-12. Moving-filter monitor estimation of concentration integral. Concentration and
integral arbitrarily scaled to fit on countrate axis.

Integrated-Count Step-Advance Filter (ICSAF) Monitor

Introduction

In the early 1960's a new air effluent monitoring system was installed at the SM-1 Nuclear Power Plant, a small PWR operated
by the U.S. Army Corps of Engineers Reactors Group, at Ft. Belvoir, VA. This system, built by Eberline Instrument Corp., had
a number of novel features. Notable among these was the use of a stepped-advance particulate filter, operated as a fixed-filter
until such time as a preset count was attained. That is, the net countrate from the particulate monitor's detector (a large plastic
scintillator) was integrated by a scaler, and when the preset count was reached, a concentration estimate was output. At the
same time, the filter paper, on a large roll, was advanced, clearing any accumulated activity, and the process was started anew.

In addition to this unusual quantification scheme, the system also had two parallel detection paths, one from the plant stack,
and the other from the ambient air outside the plant. The idea was to subtract the countrate contribution from RnTn so that the
monitor signal would represent only activity from the plant.

This system did not operate properly, mainly in the sense that it usually generated negative concentrations. Considerable time
and money was spent attempting to get it to work correctly. The author, assigned to this plant from 1969-71, determined that
the RnTn subtraction was the problem. The stack air was HEPA-filtered, and thus contained little or no RnTn, while the
outside air of course did. This would lead to negative net counts, upon subtraction. Upon reporting this to those in command,
who for their own reasons wanted it removed, the system was in fact removed from the plant.’

However, the Eberline system was well ahead of its time, and a question has remained as to whether it could have been made
to work properly. In implementing the CPAM mathematical models in [1], this system was also coded. This was done strictly
from memory, since no documentation of the system operating methodology was available. In running the numerical
simulations, it became apparent that, with some adjustments to the basic principles of operation, this system could perform
very well indeed, usually outperforming the more traditional monitors using the quantification methods discussed above.

The purpose of this section is to re-introduce this monitoring approach, and extend it with some mathematical analysis. It will
be seen that this quantification scheme does perform very well, and monitors designed on these principles could be useful in a
number of nuclear facility monitoring applications.

4 Since the SM-1 still needed a stack effluent monitor, a replacement system, based on the Rb-88 Method (18) mentioned above, was developed and installed.
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Principle of Operation

A continuous filter tape, similar to that used in an ordinary moving-filter monitor, is held fixed. Activity from the sampled air
accumulates on the tape, just as for a fixed-filter monitor. The net countrate (background is subtracted) from the detector is
accumulated in a scaler’. For reasons to be discussed below, the gross counts and background counts are also accumulated.
When either a preset net count, or optionally, a countrate-dependent integration time, is reached, the filter is advanced quickly,
clearing the deposited material, and the scalers are also reset to zero.

Thus this system might be called a "step-advance filter" (SAF). Although some monitors can be operated with a timed step-
advance, with a constant preset time between filter advances, here we have the step advance occurring based on a control law,
which responds to the activity seen by the monitor. Since the quantification method uses an integrated count, we can call this
system an "integrated-count step-advance filter" (ICSAF) monitor.

Fig. 2-13, generated by the numerical simulation reported in [1], shows the ICSAF countrate response and scaler integrated
counts for an exponential pulse of SL activity (Rb-88). The resets can clearly be seen. The count attained in the integration
time period is used to calculate a concentration estimate, which is then output, and the process starts again. Thus, no countrate
is output, only a concentration estimate. In Fig. 2-13 the curvature in the countrate due to the SL decay can just be seen,
especially at the longer integration times (lower concentrations). The curvature of the integrated counts can also be seen.
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Figure 2-13. ICSAF scaler counts and countrate, exponential Q(t), SL activity.

For the mathematical basis of this quantitative approach, consider a fixed-filter monitor, with zero initial condition. The net
counts integrated during an interval 0<t<m will be, integrating (2),

n t
cn) = ek¢ J- exp(—/lt)I 0(7) F(7) exp(A7)dTdt (2-29)

In order to use this we need some form for both F(t) and Q(?); let us begin by assuming both to be constant. Note that this
means constant only over the interval [0 #77], which is on the order of at most tens of minutes. Carrying out the integrations and
solving for this constant concentration, we have

0, = C(n)
ngm¢%{/177 - [1 - exp(-An ]}

(2-30)

> The familiar term "scaler” is used, for convenience, but in modern implementations this accumulation would be done in software.
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For long-lived activity, the limit of (2-30) as the decay constant approaches zero is

) = _2Cm (2-31)

ekF, o1

which was the calculation done by the original system. However, since the primary particulate effluent from the SM-1 was
Rb-88, the estimated concentrations, based on (2-31), would have been incorrect even if the system had functioned properly.

The fundamental idea of this monitor is that, every so often, we estimate a concentration, advance the filter, reset the scalers,
and start the whole process all over again as if it had never been done before. There is no memory effect from one time period
to the next. Thus we obtain a series of stepwise, independent estimates of the concentration, during its dynamic variation,
whatever it may be.

A way of visualizing this is as a bank of FF monitors, each of which is used for some finite time, at the end of which a
concentration estimate is generated, and we switch the air sampling to the next monitor, which is of course starting from a
clean (zero) initial condition. In fact, the measurement defined by (2-30) could be viewed as a separate quantitative method for
FF monitors, for a constant-Q.

Timeout Control

A "timeout" is a convenient term for the event when the instrument advances the filter and outputs a concentration estimate. A
strategy for controlling these timeouts is an essential part of the instrument design. Since the monitor uses integrated counts for
quantification, the behavior of the "scaler" (a count integrator, whether digital or analog) is of considerable interest. We are
concerned with the time-dependent behavior of the scaler, unlike in most counting situations, where we just use the reading at
the end of the counting time, since, as we will see, the dynamic behavior has an effect on our choice of a control strategy for
the timeouts.

Scaler dynamics
Consider the accumulation of counts in a scaler, driven by a net countrate. We have, at the i-th step in a digital, discrete-time
system with stepsize 4t,

C =C_, +C, At (2-32)

The net countrate Cn is of course the gross countrate from the detector minus the background countrate. The background

estimate we subtract may be either a fixed value, or random values that we observe at each time step, in a separate background
detector.

What we have in (2-32) is a difference-equation form of a stochastic differential equation. It is "stochastic" because the
quantity being integrated, the net countrate, is random. If no activity is present we will be subtracting our estimate of the
background from an observed sample of the background and so the net counts per time step will be a zero-mean, constant-
variance random process. This form of differential equation leads to a process called a "random walk" [10] for the counts in the
scaler as a function of time.

When activity is present, the scaler-count process is a random walk with "drift" [11]. The drift represents a forcing function,
which may be time-dependent, for the differential equation for the scaler counts. Once again, this forcing function will be
stochastic. The general analytical solution for the scaler-count differential equation, with no random behavior, is just (2-29),
and for the specific case of an assumed constant concentration (over relatively short time intervals), the solution is contained in
(2-30).

As the activity increases, the drift dominates in (2-32) and the scaler counts increase in a manner that appears to be
deterministic as the noise is dominated by the signal. In practice what happens is that, even at quite low concentration levels,
the count integration results in the accumulation of many hundreds or even thousands of counts over modest time spans, on the
order of tens of minutes.

We will illustrate the behavior of the scaler counts, for both zero- and nonzero-signal cases, but first we need to consider the
time-dependent variance of the counts. This is more subtle than one might expect, given that the accumulation of counts is a
simple process. The key issue is that the scaler-count random walks are realizations of a nonstationary random process. This
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implies that any given realization of the process has no mean, or rather, mean values calculated over various subspans of the
total time will not be equal.

However, an ensemble of realizations of the process will have a mean, and a variance which is N times the variance of the net
countrate; N is the number of steps in the walk. For the zero-signal case this is exact, since that random walk will consist of the
sum of N independent samples from a zero-mean, constant-variance random process. When there is activity present, the
variance is approximate, since the net countrate is increasing, and so does the variance at each step (Poisson counts).

As will be developed below, we can write the standard deviation of the stochastic forcing function (i.e., the net countrate) in

(2-32) as
o, =0’ + fo,

where o, is the component due to the signal, that is, the activity, and g, is the component due to the background. For a fixed
background, f'is unity, while for a live-detector background, fis two.

The standard deviation of the random walks as a function of time will be

o) = N o, = AL o,
¢

since we have taken N steps in time ¢, each of size Ar. We know that the mean and variance of Poisson counts are equal,

o, =C,, A
so that
o, =+C A + fC, At
from which

o) = \/j [C'S + fC'b] At

C = ngm—;jQ”[] — exp(—A1)]

and finally we have

o) = \/ t {ekF,,_ing[] — exp(—A1)] + be} (2-33)

Now we can illustrate the behavior of the counts. Consider Fig. 2-14. Here we have a set of 20 realizations of a zero-signal
random walk, with one walk highlighted as a darker solid line. The background is 200 cpm, fixed estimate, and the isotope is
Rb-88. The upper and lower bounds of an approximate 95% confidence interval, based on (2-33), on the walks are represented
by the thinner solid lines. We see that this small ensemble does appear to stay within these bounds, across the 120-minute
integration interval. Longer-time runs, with many more realizations, confirm this.

Next we have Fig. 2-15, which is the same as Fig. 2-14 except it has a nonzero Q, at 10™" uCi/cc, a low level for a CPAM.
Now we see the upward trend of the counts across the interval; the solid line at the center is the analytical solution, from (2-
29). The "error bounds" again are describing the ensemble behavior nicely.

Timeout on preset count

The original system used a preset count; as far as is known today, this preset was fixed. A fixed preset count has problems at
both high and low concentrations. At high concentrations, the system will timeout too often, since the preset count can be
attained very quickly. This would lead to excessive filter movement. On the other hand, low concentrations may lead to very
long timeout intervals.
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Figure 2-14. ICSAF scaler random walk, 20 realizations, zero signal,
background 200 cpm. Bounds drawn using (2-33). One realization
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solution from (2-29).

To correct this, in the numerical simulation adjustments were made to the preset count, based on the time intervals between
resets. If these were too short, the preset count was scaled up by a factor of ten. If they became too long, the preset was scaled
back down. A minimum preset of 100 counts was enforced. This worked reasonably well, but the scaling rules were entirely ad
hoc, and the system could sometimes run for extended times without a measurement output.

Consider Fig. 2-16, a zero-signal random walk, where we have one timeout, based on attaining 100 counts, early in the run, and
then none at all for several hours. When, eventually, the scaler random walk finally reaches the preset count, the concentration
calculation will use the elapsed time since the last timeout. This timeout is not caused by the buildup of activity on the filter,
which is assumed by the quantification expression, (2-30), so that the indicated concentration will be incorrect. We will discuss

this further, below.
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Figure 2-16. Zero-signal ICSAF scaler counts vs. time, background 200 cpm, using
preset count (100 counts) control, illustrating a long random walk, of several hours,
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These long random walks provide an alternate explanation for the negative concentrations seen in the original system at the
SM-1. Even without the RnTn subtraction, the scaler, if read periodically before the preset count was reached, would show
negative counts during some portions of these random walks. Since the system would not have produced an output for,
perhaps, several hours, it may have been designed to output a concentration estimate every so often, say, every hour. If the
scaler was negative at this time, then of course the concentration estimate would also be negative.

Timeout on countrate-controlled time

Another approach for controlling the instrument is to vary the time periods between timeouts, using shorter periods at higher
concentrations, but with a minimum, and longer periods at lower concentrations, but with a maximum. We would like to have
concentration estimates more frequently when the concentration is at higher levels, and we can wait longer at lower
concentration levels. However, there should be some upper limit on this integration time, so that we can get a reading
reasonably often. We can use the countrate as an indicator of current concentration level.

One simple control law, tested empirically, is to define the integration time 77 by

100 At
c

4

n=1+ (2-34)

where C, is the gross count observed in one digital time step, of size At seconds, and 77 is restricted to some maximum, e.g., 20
minutes. The shortest allowable time is one minute. The factor of 100 is arbitrary, and scales the time values 77, in minutes, into
a convenient range. This is the relation used in the ICSAF simulation.

Analytically, we would like to relate these integration times to concentrations, via the countrate. To do this, we can write for
the gross countrate, for a constant concentration over the time 7,

. kF .
¢ = gﬂéfQ“[z — exp(-An) ] + €,

and we can then multiply by the time step At to obtain counts, and use the result in (2-34). If we then try to solve for the time 7,
we will have a transcendental equation, which can only be solved numerically (or perhaps via a series expansion). We can
make progress more readily by considering a long-lived nuclide, for which we can write

100 At

n=1+
-\ At
(ekF,00n + h)%

where the denominator is the LL gross countrate, cpm, times the digital step size, in minutes, to obtain gross counts. We can
then solve this for 77, which gives

. . 2
C C 24000
051 - =L+ [|1+—=2] +
Q) a ( a J a (2-35)

a=ekF,¢0

To illustrate, (2-35) leads to integration times as follows, for a background of 200 cpm and LL activity: 10” uCi/cc or greater,
1 minute; 10"6, 1.1 minutes; 10"7, 1.8 minutes; 10'8, 4.0 minutes; 10'9, 10.2 minutes; 10" or less, 20 minutes. For SL activity,
solutions found numerically indicate, for the same concentrations and background, values which are only slightly larger than
these, with about a ten percent increase for concentrations below about 10 uCi/cc.

Note that the control law is evaluated at each time step, i.e., on a scale of a few seconds. Thus 77 can quickly be brought to a
short value when there is a concentration transient. Other control laws are of course possible, and the maximum and minimum
periods can also be adjusted. A minimum of less than 1 minute is not recommended, since the filter would be advancing too
frequently. In some applications, a maximum of greater than 20 minutes might be acceptable.
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Figure 2-17. ICSAF timeout limit as dynamically calculated per time step, with a
constant concentration of 10° uCi/cc. Dotted line is integration time from (2-35).

Fig. 2-17 illustrates how the integration times vary during an episode of a constant concentration at 10™® uCi/cc. Here, the
timeouts are occurring about every four minutes. The integration time starts out at 20 minutes (the maximum 7)) at the start of
each interval, because, then, the countrate is low. As activity builds up on the filter, the countrate increases, so the calculated
integration time decreases, as shown. Eventually the integration time and the elapsed time intersect, and a timeout is declared.
In the figure, the value from (2-35) is indicated with a horizontal dotted line. Clearly the actual timeout periods are matching
this value.

As we saw in Fig. 2-16, if we operate on preset count, we can have long random walks for low concentrations. With the
countrate-dependent integration time mode of operation, we force timeouts, and reset the scalers periodically, resulting in a
process where the zero-signal random walk is constrained to 20 minutes, and long negative walks are no longer possible. The
random process stays closer to the zero level.

However, at a forced timeout, the net scaler can of course still have a negative reading. We could output some flag value for
the concentration, or not output anything at all, and just carry on to the next interval. The instrument should have some visible
output, however, at all times, such as the current scaler reading, or the current net countrate, so that we know it is operating
correctly. It may also be possible to detect that no activity is present, and to reset the scalers without advancing the filter, thus
saving a considerable amount of filter paper. At a minimum this can be done when the net scaler is negative at the 20-minute
forced timeout.

Example concentration-estimate plots

In Fig. 2-18 we have the same Q(#) as in Fig. 2-8. The concentration estimates (circles) are plotted at the time of evaluation. As
with the five-minute Rb-88 Method (2-22), the ICSAF follows the concentration dynamics well. Fig. 2-19 is an expanded view
of the same data as Fig. 2-18, and here we can see the estimates following the concentration during each integration interval
(the solid lines to the left of each circle). Note that these intervals become longer as the concentration decreases.

Fig. 2-20 shows the ICSAF concentration estimates for a complex, wide dynamic-range Q(t) behavior, for Rb-88. The
estimates are clustered so close to the true values (solid line) near the peak that they cannot be separated. A series of pulses of
Rb-88 activity will produce concentration estimates very similar to those shown in Fig. 2-9; the ICSAF will track these pulses
closely.
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Figure 2-18. ICSAF concentration estimates, exponential Q(t), Rb-88. Figure 2-19. Expanded view from Fig. 2-18.
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Figure 2-20. ICSAF concentration estimates, exponential plus pulse, Rb-88 activity.

Uncertainty Analysis

As with any measurement system, we would like to have some idea of the uncertainty (loosely, "error") in the instrument's
output. For the ICSAF, this will be the concentration estimates.

Concentration error
To simplify the notation, first define a factor which is a function of the integration time 7; this is the denominator of (30):

ek F,
vy = S8 (i ~ [1 - exp(-am)]} (2:36)
which for LL activity is
2
v = €kF, ¢ 777
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From (2-30), the error in the concentration estimate is controlled by the error in the integrated net counts, if we ignore the
errors in the flow rate, efficiency, etc.® and also consider the integration time to be nonrandom, so that

vm[é] _ var[C, ()] .

2-37
v(n)’? 337

where C, is the net count attained in the integration time 7). The gross count C,, which we observe, is of course the sum of the
signal count C; and background count C,, so that

var[C, ()] = var[C, ()] + var[C, ()]
= var[C,(m) ] + var[C, ()] + var[C,(7)]

When we use a well-estimated, stable, fixed background, we could find a variance estimate for it, but more likely we would
just assume the uncertainty in this estimate is negligibly small, and we can then drop the last term in the variance expression
above. For a live background we do need to include the uncertainty in that estimate.

We will have, using the fact that counts are Poisson distributed, making the mean and variance equal,

olc,m] = JC.a + fC,(m (2-38)

where f'is unity for fixed background, and two for a live background. This is similar to the development in, e.g., [13]. Note that
what is termed a "fixed" background here corresponds to "well-known blank" in [13], and "live" here is "paired" there. The
factor fin (2-38) relates these two cases.

Combining (2-37) and (2-38) we obtain the concentration error estimate, based on the observable quantities C, and C:

A C.(m+ (f=-1)C,(m)
O'|:Q]= \/ Y (f ) » 77 (2-39)
v(1)
The relative error in the concentration estimate is
o Q C + -1)C
[A ] _Jam (/-NGm 040
Q v(n) Q
We can also write, replacing C; in (2-38) with its analytical counterpart, from (2-30),
0|0 + fC

Q v(n) Q

for use in parametric studies of the relative error, where we can assume values for the concentration and background countrate.

In Fig. 2-21 we have a plot of (2-41) as a function of the concentration, for both fixed and live background, at 200 cpm. The
integration time 77 was obtained using (2-35), so we must use LL activity. The simulation was run for 1000 minutes at several
settings of a constant concentration, and the mean, median, and standard deviation of the estimated concentrations were found.
The mean of the calculated errors, using (2-39) for each estimated concentration, was also found.

The solid line is the function (2-41), while the symbols represent the relative errors corresponding to the observed standard
deviations of the many estimated concentrations at each setting. That is, at each concentration setting, many ICSAF
concentration estimates were generated (at least 40, at the low concentrations, and many hundreds at the higher
concentrations). We find the scatter of these concentrations, and compare that to the predicted relative error, (2-41). This was
done for a fixed (lower curve, squares) and live (upper curve, asterisks) background.

® However, see [12] for some background on this aspect of the error analysis. These errors are often significant and should be considered.
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Fig. 2-21 has a horizontal line drawn at the 10% level. This leads to a concentration on the x-axis which represents that
concentration which can be estimated to 10% relative error at "one sigma." This could be a performance specification for the
measurement capability (not detection limit) of the instrument. The bend upward at the low-concentration end of Fig. 2-21 is
due to the 20 minute limit on the integration time. At the high-concentration end the curve turns downward due to the one-
minute limit; this is more count time than is needed at high concentrations, thus improving the relative error, but we don't want
the filter to advance more rapidly than this.

We see in Fig. 2-21 that the agreement between (2-41) and the observed relative errors is reasonably good. There is, however, a
subtle issue that arises for concentrations in the area of 10™ or 10™'° uCi/cc. Close inspection of the clusters of error estimates,
especially those from (2-39), which have small dispersion, show that the curve of (2-41) slightly underestimates the uncertainty
in the concentration estimates. Investigation reveals that the reason for this is that the integration time from (2-35) tends to
slightly overestimate the attained integration time, particularly for low concentrations and high backgrounds. This is because
the integration time 77, from (2-34), is in fact a random variable, due to the gross counts, and it has substantial scatter under
these conditions. What happens is that the dynamically-calculated integration time from (2-34) can, randomly, be several
minutes less than the deterministic value from (2-35). This, randomly, leads to a shorter integration interval in the simulation
data than (2-35) and (2-41) expect, and so the observed relative errors are slightly above the curve. At lower concentrations we
have a fixed 7, at 20 minutes, so that this problem vanishes. At higher concentrations the gross count per time step is large
enough that the behavior of (2-34) looks very much like that predicted by (2-35).

In Fig. 2-22 we have a plot of the relative error vs. concentration as the background varies, using (2-41) with integration times
from (2-35). This is similar to Fig. 2-21, but for several values of the background. The fixed background ranges from 50 cpm to
500 cpm in steps of 50 cpm. The lower backgrounds produce smaller relative errors, seen in the curves toward the bottom of
the plot. A plot for live background is very similar, just shifted slightly (somewhat larger relative error for a given
concentration and background level, due to the live estimation of the background).

In Fig. 2-22 the maximum integration time is 60 minutes, which leads to smooth curves. If the maximum integration time was
artificially forced to be, e.g., 10 minutes, we would see an upward "bending" of the curves, resulting from too short an
integration time being used at the lower concentrations. That is, the relative errors would be larger than they would be if we
had used a longer integration time. This is of course well understood in concept, but with (2-41) and (2-35) we can explore
these effects quantitatively.

Relative error
-
Relative error
5
T
|
|
|

10 L L L L L L 10° L L L L L L

10° 10 10° 10° 107 10° 10" 10" 10° 10° 107 10°
Concentration, uCi/cc Concentration, uCi/cc

Figure 2-21. ICSAF concentration relative error vs. concentration. Symbols — Figure 2-22. ICSAF concentration relative error from (2-41),

are for data generated by simulations. Lower curve is from (2-41) for fixed
background of 200 cpm, upper curve for live background. Integration times vs.
concentration from (2-35), with maximum of 20 minutes. Squares, fixed
background; asterisks, live background.
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concentration, with 60 minute limit on maximum integration time. Parameter is
(fixed) background, from 50 to 500 cpm in steps of 50, with 50 cpm at bottom of
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Zero-Signal Indicated Concentration

The ICSAF will generate a concentration estimate whenever the scaler counts are positive at a timeout. When the concentration
is low, timeouts are forced, e.g., every 20 minutes. If the scaler count is positive, a "zero-signal indicated concentration" will be
produced. It would be useful to have some idea as to the level of these outputs, since this acts as a sort of "floor" below which
we cannot obtain a meaningful reading. Note that these outputs treat the attained scaler count as if it had come from activity,
when in fact this is not the case.

From (2-33) the standard deviation of the random walks during the integration time will be, when the concentration is zero,

o = \/fcbﬂ

This describes the scatter in the scaler counts at time 7. Note that this is just the usual Poisson relation, the square root of the
counts attained at the end of the counting time. This variation is about a mean of zero, but we are only interested in the positive
half of the data, since negative scaler counts are meaningless. The upper bound of the positive scaler counts would be some
multiplier, based on a percentage point of a probability distribution function (PDF), times (2-42). We often would use the
Normal PDF for this. If so, then we might consider the average, or mean, level of positive scaler counts we would expect to
observe for a given value for (2-42).

(2-42)

This mean value is given by

1

. .
—— X €X —

_ 2zo jo p(ZUZ
Ij'wexp -
J2zao ), 20°

so that the mean zero-signal indicated concentration is

|

N[

p_08yfCm

Qe (Cy 1) = (2-43)
u(17) u(7)
We can also write for the minimum detectable concentration (MDC), using one of the standard formulations [13]:
. 2.71 + 3.29{fC,m
MDC(C,, 1) = (2-44)
u(77)
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Figure 2-23. ICSAF zero-signal indicated concentrations. Fixed background,
200 cpm, Rb-88 estimation. Solid horizontal line is mean value expected, from

(2-43), dotted horizontal line is MDC, from (2-44). Rb-88 estimation.
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Figure 2-25. ICSAF MDC vs. background countrate and maximum integration
time, from (2-44). Background fixed, Rb-88 estimation.

In Fig. 2-23 we have a long zero-signal run, with a fixed background at 200 cpm, estimating Rb-88 concentrations, with the
maximum integration time at 20 minutes. The solid line is (2-43), while the dotted line is (2-44). There is a lot of scatter in the
concentration estimates, but simulation runs have shown good agreement between (2-43) and the observed mean of the zero-
signal indicated concentrations, for both fixed and live backgrounds.

In Fig. 2-24 are curves of (2-43) evaluated as a function of the (fixed) background level, for several settings of the maximum
integration time, for Rb-88. Fig. 2-25 has curves of the MDC (2-44) for the same variations.

Conclusion

Methods and applications

We have discussed a number of methods for using CPAMs for quantitative assessments of airborne radioactivity. The
measurements can be of concentrations or the time integral of concentration. We have the following candidate measurement
methods, for a given application (equation numbers indicated in parentheses):

(a) FF derivative (2-5)

(b) FF initial slope (2-7)

(c) MF initial slope (2-7)

(d) FF attained countrate after delay (2-8)

(e) MF attained countrate after delay (2-9), (2-11)

(f) FF continuous concentration integration (2-18), (2-19), (2-21)
(g) FF short-cycle concentration integration (2-22)

(h) MF continuous concentration integration (2-27), (2-28)
(i) ICSAF (2-30)

() Numerical integral of FF derivative Q(t) estimates

(k) Numerical integral of ICSAF Q(t) estimates

We might break down CPAM applications into four main groups: effluent monitoring; occupational exposure assessment and
monitoring; process monitoring and control; containment leak detection. Each application will have its requirements, for such
considerations as response time, detection sensitivity, estimation of concentration vs. integrated concentration, and so on.
Similarly, each measurement approach will have its strengths and weaknesses as a candidate for a given application.
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There are far too many combinations of measurement methods and application requirements for a thorough analysis here.
However, we can try to suggest, based on the material presented above, a few methods that might have a good chance of
success in some applications.

For effluent monitoring of concentrations, methods (a), (g), (i) can all work well. For releases, methods (f), (j), (k), and in some
cases, (h) are good possibilities. The same candidates will serve for occupational exposure assessment, with the concentration
time-integral estimation for effluent releases being analogous to those for DAC-hour exposures. In process control we have a
need for rapid response, and are usually only concerned with concentrations, so that (a), (b), (c), (i) are worthy of
consideration, although the one-minute minimum response time of (i) might be too slow for some applications. Containment
leak detection’ is also a concentration-based measurement for which we might use methods (a), (d), (e), (g), and (i).

General comments on methods

The countrate derivatives are excessively noisy as concentration estimates for FF monitors, unless some variance reduction is
applied, such as the radar filter (6). The latter can provide reasonably good, real-time tracking of concentration behaviors. It
will, however, exhibit lag for rapidly-changing concentrations. The filter gains should be optimized for the specific application.

The initial-slope approach can provide a rapid estimate of the initial level of a concentration, for FF and MF monitors.
However, some Q(t) behaviors have a zero initial level, and in those cases the initial slope method will not be of any use. Thus
it is important to have models for the dynamics of the Q(t) behavior, so that the applicability of the various measurement
methods can be assessed.

Moving-filter monitors cannot provide real-time concentration estimates, and we must wait some two hours in order to use
them for estimation of a constant concentration (which in practice is not likely to be constant for two hours), or for use as a
total-episode concentration integral, such as a DAC-hour estimate. In both cases the output is a single number and is not
dynamic. These monitors will clear LL activity and/or attain an "equilibrium" countrate for LL activity, so that in some
applications where LL activity was present, MF monitors would be useful. Of course, another consideration is dust loading, in
situations where that is a problem; MF monitors were developed primarily to alleviate this concern.

The FF Rb-88 Method is an excellent choice for episodic effluent releases, and for DAC-hour estimation. Its short-cycle
cousin, the five-minute average concentration estimate, can follow concentration transients well, if we can accept the five-
minute lag. In some cases this would not be acceptable, and in others a measurement every five minutes would represent great
progress and would be very useful.

The ICSAF monitor also provides good tracking of dynamic concentration behaviors. Its output of periodic concentration
estimates can readily be integrated, to provide release or DAC-hour estimates. It has a lag also, but it is shorter at higher
concentrations, as we would require. This is a more complex instrument, but it has the best performance in terms of,
simultaneously, detection sensitivity in a given length of time, ability to track changes in the concentration, and precision of
estimation, as we will see next.

Concentration-estimate relative errors

Finally, we can consider the quality of the concentration measurements made by several of the methods, and compare them via
the relative error of the estimates.

For the FF derivative method (2-5), in addition to the uncertainty in the countrate estimate, there is of course also uncertainty in
the rate (derivative) estimate. The magnitude of this error depends on the technique used to estimate the derivative. Using the
radar-filter derivative, the square symbols in Fig. 2-26 show the results of a simulation study for the relative error in these
concentration estimate vs. the concentration. The best this approach can do, at the higher concentrations, is only about ten
percent (these are "one-sigma" relative errors). Below a concentration of about 10° pCi/cc the relative error is nearly 100
percent, making the estimate useless as a measurement.

The short-cycle Rb-88 Method (22) uses both a countrate and the integral of the countrate. Note that, used as a concentration
estimator, it runs only over short times, e.g., five minutes. Thus it will not accumulate many counts at lower concentrations. Its
relative error performance is also shown in Fig. 2-26 (circles), and it is essentially the same as that of the derivative method.

These two sets of simulation runs consisted of sets of five 200-minute runs at a constant concentration, from which the

" This application will be discussed in detail in a future paper, using matrix-based linear systems compartmental modeling.
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observed scatter was estimated. Some simulation results for initial-slope relative errors are also shown (asterisks) in Fig. 2-26.
These are quite good at the higher concentrations, since they are based on a regression. However, this approach fails for lower
concentrations, below about 10™ puCi/cc, where the signal-to-noise ratio becomes poor.

The FF attained-countrate-after-delay approach is shown as the dotted curve in Fig. 2-26. This uses the same delay time as the
ICSAF 7in a relation similar to (41), namely

o[0] o.mo+rr
0 Ve () Q
(2-45)
kF
vpp(n) = £ m¢[1 - eXP(—/zﬂ)]

A
where xis a constant, 1.6, estimated from Monte Carlo experiments that relate the AEWMA countrate variance to the countrate

level. This is necessary since the gain of the AEWMA adaptive linear filter is a random variable, so no closed-form relation is
available.

The solid curve in Fig. 2-26 is the ICSAF relative error, using (2-41) with integration times 77 from (2-35). We see that the
ICSAF relative error is at least as good as the FF methods, and is superior at the lower-concentration end of the range.

Relative error

3 I I I I I I

10" 107 10° 10° 10° 10°
Concentration, uCi/cc

Figure 2-26. Concentration-estimate relative errors. Curve A is ICSAF; B is FF
attained countrate at same delay times as ICSAF integration times; maximum
integration time 20 minutes. Data symbols: C, initial slope; D, Rb-88 Method five-
minute averages, using (2-22); E, FF derivatives, radar filter. Rb-88 estimation, fixed

background 200 cpm.

Minimum detectable concentrations

A closely related issue is the MDC performance of the methods. For concentration estimation, the FF derivative is not going to
provide much competition to the ICSAF, since the former is based on counts accumulated over only a few seconds. The initial-
slope method fails at low concentrations. The only other candidates would be the FF and MF attained-countrate approaches. Of
these, the FF is the best, since its countrate is always larger than that of the MF monitors, all else being equal.

The MDC for the FF attained countrate is, using the same formulation as for the ICSAF,

2-28



Particulate Air Monitoring Mathematical Sourcebook

. 2.71 + 329K fC,
MDC. (C,, 1) = (2-46)
Ve (17)

Here we use the countrate-variance factor x since, unlike the ICSAF, the FF utilizes a countrate rather than an accumulated
count. Also note that the time 77 is not multiplied under the radical, unlike (2-44).

For the RW monitor we would usually have an integration time 7 which is less than the monitor transit time 7, so that we can
re-use (2-46) with

1
7 [An = 1 + exp(-=Am) ]
Uy (1) = €KF, ¢ ]
R/ A _
+ P [] Tj[l exp(=An)]

in the denominator to obtain the RW MDC. This denominator is based on (1-23). If the time 77 should be greater than or equal
to T, then we use, from (1-25),

Vpy = EKE, @ {% - %[1 - exp(—/lT)]}

in (2-46). Note that this denominator is not a function of 7, since the monitor attains a constant countrate after the transit time
T. The RW of course also uses a countrate, like the FF, so that the variance factor xin (2-46) still applies. The MDC for a CW
monitor can be approximated using the RW expressions, and substituting for the window length a value
_I6R

3

L

where R is the CW window radius. This is (1-14).

Using these expressions it can be shown that the ratios of the ICSAF MDC to that of the FF and RW, using for the latter the
same delay time as the maximum integration time of the ICSAF, are

LL, 20 min integration..... 0.273, 0.250
SL, 20 min integration..... 0.242, 0.225
LL, 60 min integration..... 0.157, 0.118
SL, 60 min integration..... 0.116, 0.097

where the first result in each row is FF and the second is RW, and the latter is smaller (worse) than the FF in each case. These
ratios are for a fixed background of 200 cpm, and the values are nearly constant with increasing background above this level.
At lower backgrounds the ratios are even more strongly in the ICSAF's favor. The SL nuclide is Rb-88.

In conclusion, from the above analyses we see that the ICSAF performance, both in terms of qualitative detection and

quantitative measurement, is very good, and thus this monitoring approach should be considered for nuclear facility particulate
air monitoring.
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Updates

A new quantitative method for moving-filter monitors which uses a fast filter speed is discussed in Chapter 4. The geometric
efficiency adjustment (i.e., using an appropriate average across the deposition window) should be applied, in order for the
methods in this chapter to produce correct estimates; see Chapter 6. The "shelf effect” could inflate the countrates observed,
such that quantitative estimates would be somewhat larger than expected for given concentration behavior; this effect is not
believed to be of any real consequence for most applications.
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Chapter 3

Concentration Modeling and Response Prediction

IEEE Transactions on Nuclear Science, 49(5), Oct 2002; 2574-2598

A linear-systems, matrix-based mathematical formulation for predicting continuous particulate air monitor (CPAM)
responses when monitoring a system of compartments served by an HVAC system is developed. The CPAM responses,
for both fixed- and moving-filter monitors, are found using a "quasi-numerical" approach, combining numerical
eigenvector/eigenvalues with closed-form analytical solutions, for sources with exponential time-dependence. This
Sformulation is general and can handle complex or simple systems with no changes to the mathematics. Parent-progeny
(decay chain) nuclides, with branching, are handled directly. The monitor responses are found via several alternative
methods. The computations are readily mechanized, providing a valuable analytical tool for the efficient analysis of
many CPAM applications. Two example cases are presented: (1) a multi-compartment, multi-source system, for a
single nuclide; (2) a two-compartment, ®Kr-**Rb decay chain system, as found in an actual PWR containment building.

Introduction

Background

This paper is the third in a series that has provided some mathematical analysis for continuous particulate air monitors
(CPAMs). The first paper [1] developed mathematical models for finding the countrate responses for fixed-filter (FF),
rectangular-window moving filter (RW), and circular-window moving filter (CW) monitors, given a mathematical expression
for the time-dependent concentration Q(z) that is the input to the monitor. The second paper [2] developed a number of
approaches for the "inverse" of the input-output problem addressed in the first paper, namely, estimating the Q(t) or quantities
related to it, from the observed CPAM response.

In this paper we seek to predict the CPAM response given only a description of a physical monitoring situation, rather than the
Q(t) behavior that would exist in that system. To do this we will implicitly find the Q(z), but that is incidental to our main
purpose. We seek a mathematical formulation that can directly relate the system and source parameters to the expected CPAM
response, without an explicit solution for Q(?).

The theme is that of a design-stage analysis of how a monitor will be expected to respond in a given nuclear facility monitoring
application. While the methodology is in principle applicable to any nuclear facility, the main emphasis is on power reactor
radiation monitoring system (RMS) design. Note that we seek only to predict the monitor response; the assessment of whether
or not that response is in some sense acceptable or adequate is beyond the scope of this paper.

Monitor Response Prediction

We will begin with the system definition, e. g., the number and configuration of physical compartments, the HVAC service to
those compartments, the use of filtration and/or ventilation. Then, given a mathematical description of the expected sources
that provide airborne radioactivity to the compartments, including into which compartments each source provides activity, we
will be able to find the CPAM responses, for both fixed- and moving-filter monitors.

Three methods for finding the monitor response will be discussed. One approach (“Method A”) predicts the dynamic response
of the fixed- or moving-filter monitors by using a particular form of solution for the time-dependent concentration in the
monitor response models reported in [1]. The model handles parent-progeny' (PP; decay chain) nuclides, for both fixed- and
moving-filter monitors, but it does not account for PP "ingrowth" of a progeny nuclide from the decay of its parent on the filter
medium (since this was not part of the models in [1]), so that for some analyses one of the other methods should be used.

! Also known as "parent-daughter."

3-1



Particulate Air Monitoring Mathematical Sourcebook

For the same monitoring setup as Method A, the second method (B) predicts FF monitor dynamic responses by integrating a
linear-systems model for the FF response into the physical-compartment/HVAC/source linear system. The FF response is
found directly, without using the models from [1]. PP cases are handled correctly, since the FF linear system includes PP
activity transfers on the filter medium. Method B does not apply to moving-filter monitors.

The third method (C) comprises a series of recursive convolution integrals that find the correct FF response for PP systems,
when the concentrations of the PP nuclides have been found "externally." This approach permits the use of more sophisticated
concentration dynamics models. It is intended to be implemented numerically, given a vector of concentration values, per
nuclide in the PP chain. The shape of the concentration profile is arbitrary (it need not be exponential). Method C does not
provide a response solution for moving-filter monitors. However, for RW monitors, for some applications we can use a
response model in [1] via a numerical multiple integration of the concentration vector.

Modeling Context

The overall modeling approach, for methods A and B, can be considered a "middle ground" between two extremes. On the one
hand, we could assume that the HVAC monitoring application comprises, effectively, a single compartment system (SCS), due
to the mixing effect of the HVAC. The SCS approach is often unrealistic, in that the HVAC flow rate required to attain this
“convergence” is very high. On the other hand, we could invoke a sophisticated computation of the concentration behavior in
the multicompartment system (MCS) that actually exists, using a code such as the CONTAM series.” The complex MCS
calculations require a great deal of information, which may or may not be available, about the system being modeled.

In both cases, we would attempt to calculate the concentration dynamics, and then use a numerical implementation of the
analytical monitor response models in [1] to obtain the predicted responses. Our objective here is to get directly, in a single
analysis, to the monitor responses, using a level of modeling detail that "splits the difference" between these alternative
approaches.

One application for which the modeling described below will not be especially useful is the case where we have a single
compartment, with workers more-or-less continuously present. The CPAM is to be placed inside this compartment, rather than
at an HVAC exhaust point or elsewhere in the HVAC system; the monitor is present for the purpose of alerting the workers
that a release has occurred, so that their exposures can be minimized. In some such cases, where there is a low rate of HVAC
air exchange, and/or poor mixing, we can have a persistent spatial dependence of the concentration, that is, Q(t,x,y,z). The
placement of the monitor sample point in the compartment then becomes an issue, since the concentration is not uniform. If
concentration profiles have been computed for such a situation, so that we have Q(7,x,y,z), then for a selected monitor location
(x,y,z), we could use an appropriate model from [1] to predict the CPAM response.

The modeling in this paper, on the other hand, assumes instantaneous mixing of the input activity from a source, uniformly
throughout the compartment(s) driven by that source. That is, we use the familiar "lumped-parameter" approach to system
modeling; spatial dependencies are ignored, so that we consider only Q(#). This is entirely appropriate for larger-scale systems
such as a power reactor RMS, where we use monitors to observe several compartments simultaneously. Many of these
compartments will be equipment "cubicles" which do not have human occupants during normal operations. Indeed, CPAMs are
installed in power reactors for worker-protection purposes, as in the single-compartment case, but also for, e.g., leak detection,
process monitoring and control, and effluent monitoring purposes.

The concentration dynamics modeling in this paper is neither unique nor especially sophisticated; it is intended to provide a
modest capability to represent the contaminant movement in a MCS, with emphasis on the effects of HVAC, since this is the
monitoring configuration found in power reactor applications. The value of the methodology described here is that it provides
an integrated model for readily generating CPAM dynamic responses, for a variety of system conditions (number of
compartments, source dynamics, HVAC flow rates, filtration/ventilation fractions, etc.), so that these responses can be
evaluated. This might be done during the design of a new plant, or for design reviews of an existing plant. Issues such as how
many monitors are required, where their sample points should be placed, their response times for source transients, and so
forth, can be addressed by analyzing data generated by the models presented below.

2 Currently CONTAMW, available from the National Institute of Standards and Technology (NIST), free of charge; visit the NIST web site at
www.bfrl.nist.gov/IAQanalysis. See the “Publications” section there for a bibliography relating to the modeling of contaminant transport.
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Paper Overview

The development begins with a brief review of the matrix-based linear systems formalism used in the modeling. This is then
specialized to "compartmental" modeling, because linear systems analysis is more general than we need for this problem. The
compartmental model is then extended to include the effects of HVAC, including filtration and ventilation. The approach is
further generalized so that we can handle parent-progeny decay chain situations.

Each of the sources that drive the linear system is modeled as a sum of two exponentials, one of which may be switched off. By
adjusting the parameters in each source's model, we can cover many time-dependencies of interest in air monitoring. We may
have any number of sources, driving any number of compartments, in any linear combination. Each source has its own set of
parameters, including a delay time. In PP systems we may have sources of any of the nuclides in the chain, in any combination.

The compartmental system with its sources results in a vector-matrix differential equation for the activities in the
compartments. This differential equation can of course be solved by a variety of methods, including numerical, or analytical,
via Laplace transforms. The solution approach for the compartmental activities is a "quasi-numerical" combination of an
analytical solution, for the exponential-shaped sources, and the numerical eigenvectors and eigenvalues needed by these
solutions. This approach was taken because modern scientific/engineering software will readily provide numerical eigenvalues
and eigenvectors. The several monitor response methods are then developed.

Finally, we consider two example analyses; in each case we will find the concentrations and CPAM responses, and check them
against purely numerical solutions. The first example is meant to represent the monitoring of a typical power reactor building,
such as an LWR auxiliary building, with multiple compartments, served by an HVAC, with filtration and ventilation, and
multiple sources. The second example is of a two-compartment system, with the decay chain ®Kr-**Rb, as found in an
operating PWR containment. In this case there was an unusual pathway for exchange of the airborne radioactivity between a
small, high-concentration compartment and the rest of the containment building. A recirculating HVAC with filtration was also
present. This situation is modeled and solutions are found for both a pre-entry recirculation and a subsequent purge of the
containment.

System Modeling

Linear Systems Review

The state-variable, or linear-systems, formulation provides a convenient, powerful, and compact way to represent the sets of
ordinary differential equations that describe the time-dependent behavior of many dynamic systems. We will focus on the
dynamics of the activity due to one or more airborne radionuclides in a multicompartment system. The vector-matrix
differential equations are written as

x =Ax+Bu (3-1)

where the column vector x contains the state variables, and the matrix A contains the system rate parameters, which are
assumed to be constants, so that this is a time-invariant system. If the rate parameters depend on the state variables, then the
system is nonlinear. We will have p variables, so the matrix A is (p,p).

The product Bu allocates the forcing functions into the system; we can have any number of functions m in the (m, /) column
vector u forcing the response of the p state variables, in combinations defined by the (p,m) matrix B. The product Bu reduces
to a (p,1) column vector of forcing function combinations, which may be functions of time.

The linear-systems formalism also includes the algebraic "observation" equation
y = Cx (3-2)

where the (p,p) matrix C maps the state variables x into a vector of observed quantities y. Finally, we will also need a vector of
initial conditions X, for the state variables.
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A very useful property of the linear-systems formulation is that we can find the equilibrium values for the state variables,
regardless of the initial states, for constant forcing functions, via [3]

x. = —-A" Bu (3-3)

for nonsingular A, without solving the ODE system. We will have occasion to use this, below. The inverse of A can of course
be found numerically, and indeed the calculation of the equilibrium values can be executed in a single statement in many
scientific/engineering programming languages.

Compartmental Systems

We now make the general linear-systems analysis more specific to the concentration-modeling problem. The state variables
x(t) will be the time-dependent activities in a set of "compartments." For the present purpose, a compartment is a well-mixed
region within which we consider the concentration of a nuclide to be uniform. A physical compartment like a room may be
subdivided into more than one mathematical compartment, if we are not willing to assume a homogeneous mixture in the
room. Also, it will be convenient to consider the nuclides in a parent-progeny chain to each be a compartment, mathematically,
even though they all may exist in one physical compartment.

The forcing functions u(z) will now be the time-dependent emission rates of sources of airborne radioactivity in the
compartments, in units of activity per unit time. For air monitoring applications the matrix C is usually just a diagonal matrix
containing the reciprocals of the compartmental volumes, so that the observations y(?) are of concentrations rather than
activities.

Physical compartments exchange activity amongst themselves via thermal air currents or other unforced air movements. This is
as opposed to the action of an "HVAC" or air-handling system that forces the movement of air at much higher rates than the
unforced exchanges. Often in industrial facilities, compartments do not directly exchange air with each other, but may do so
through a common area such as a corridor. The primary mechanism for the movement of activity is via the HVAC, which may
include filtration and ventilation. Our main concern is with the activity in the HVAC return air, which is where monitor sample
points are often placed. We do not usually monitor static air volumes, although there are exceptions.

A key aspect of compartmental analysis is the use of the eigenvalues of A in the study of system dynamics. These eigenvalues,
which can readily be found numerically by most scientific/engineering software, appear in the arguments of the exponentials
that comprise the time-dependent solution for the state variables x. That is, the solution is nearly always of the general form

x(1) = ZF exp(wt)

where the w are the eigenvalues of A, and the factors I' are found using the eigenvectors of A (more on this below). This
"sums-of-exponentials" solution applies when the eigenvalues are real and distinct [4], as they usually are for the systems
found in monitoring applications.

The activity-transfer-rate parameters in the A-matrix are defined as k;;, where i is the receiving compartment, and j is the
emitting compartment. These k-factors are

k,, ==L (3-4)

where f;; is the volumetric flow rate from compartment j to compartment , v; is the volume of compartment j, and the k;; have
units of reciprocal time. Note that k;; is defined to be zero. A subscript (index) of zero represents the environment (i.e., the
"world" outside any compartment in the system). In most nuclear applications the loss directly to the environment from a
compartment can be assumed to be negligible.

The elements of the A-matrix can be expressed as [5]
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P
Ai,i = _ko,i -4 P ij,i
= (3-5)

There are two other first-order losses on the main diagonal of A; the loss due to decay (A4), and to other mechanisms, such as
plateout (p). The latter may vary by compartment although we will usually take it to be the same across compartments. Thus,
the main-diagonal elements of A contain the losses from the respective compartments, while the off-diagonal elements
represent the gain of material to the row compartment, from each of the respective column compartments.

For a compartmental system, as opposed to a general linear system, the A matrix has the following properties [4, p. 37]
¢ All elements are constants.
¢ The main diagonal elements are nonpositive.
¢ The off-diagonal elements are nonnegative.
e The column sums are nonpositive and are the negative of the sum of the first-order loss rates for the
compartment corresponding to each column. These loss rates include decay, exfiltration, plateout.
If A meets these conditions, then it is the case that [4, pp. 46-48]
e The solution for the activities is nonnegative.
o If the eigenvalues of A are real and distinct, the solution consists of sums of exponentials.

e If the eigenvalues are real and repeated, the solution consists of sums of exponentials and time-exponential
products.

e If the eigenvalues are complex, the solution consists of sums of exponentially-damped sinusoids.

® There are at least as many exponentials in the solution for each compartmental activity as there are
compartments.

e The arguments of these exponentials are the product of time and the eigenvalues of A; these eigenvalues are
nonpositive.

A compartmental system that has no first-order losses is termed "closed" otherwise it is "open." A compartment with no first-
order losses is a "trap." This would correspond to a long-lived isotope (small decay constant), no plateout, no exfiltration, and
neither ventilation nor filtration (i.e., a pure recirculating HVAC). Traps induce zeroes as eigenvalues of A, and then A is
singular; thus, A will be invertible (a condition we need) only if there are no traps [4, p. 71].

HVAC Model

Development

A typical layout for a simple HVAC system is sketched in Fig. 3-1; this system will be used below for an example analysis. We
will consider a constant HVAC flow, although this is not always the case. If it is not the case then the entries in the A matrix,
as we will see shortly, will be time-dependent rather than constants, and a different solution approach will be required. We also
will not consider the case of activity being present in the ventilation intake air of the HVAC, because this is rarely an issue for
nuclear facilities, where the monitored nuclide is not present in the outside air.

Consider again the system matrix A defined in (5). When we include the effects of HVAC on this system, it is reasonable to
postulate an additional loss from each compartment, which we will take to be a simple first-order loss, i.e., the loss rate is
proportional to the concentration in the compartment. Thus we need to augment the main diagonal of the A-matrix with a new
loss rate
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where f; is the volumetric flow rate to the HVAC (i.e., the return) from compartment i. Next we assume that the HVAC
creates on its supply side a flow-weighted average of the returning concentrations, so that

SUPPLY fan intake

f1H f2H f f
) ) ko4

2 Y]

Xq X9 X3 Xy

l’i“l‘l 1 ]

fH,1 ' fH,2 'fH,S fH,4 ' ‘ T exhaust

filter

Bbo

RETURN
filter

. to monitor

Fig. 3-1. System sketch for example 1. Only one set of unforced flows is shown.

%
Q1) = H———— (3-6)

Because the source of material into a compartment due to the HVAC is a function of the state variables x (compartmental
activities), through the flow-weighted average , we must include this source in the A-matrix, rather than including it in the Bu
product, which we reserve for sources that do not depend on a state variable.

Next we need to extend the model to account for filtration and ventilation. The loss from each compartment to the HVAC
return does not change, but the concentration in the supply from the HVAC will of course be affected by filtration and
ventilation. Thus we modify (6) to account for the fractional loss due to filtration, @, and the fraction of the HVAC flow rate
that is allocated to ventilation (fresh air intake), v:

p

D 20, (1-6) (1-v)

0s(1) = —

Here we can see that if the filtration efficiency @ is unity, there will be no activity in the HVAC supply air, or if the HVAC is
operating in a "purge" or once-through ventilation mode, where v is unity, there will again be zero activity in the supply air.

(3-7)

Next, if we expand the flow-weighted average (3-7) and assign its individual terms to the appropriate columns of the A-matrix,
we can collect the HVAC sources and losses into the augmented elements
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A=k =d=p =)kt [ff— (1-6) (1-v) - 1} us

" v

(3-8)

A =k . + ﬁ—‘H(l—@) (I—v)M

L) L)
H v/

with f the total HVAC flow. The column sums of this A matrix can be shown to be the negative of the sum of the first-order
loss terms, or

—{/1 +p + Kk, +@[1 - (1—@)(1—1))]}

Vi

so that A is a compartmental matrix. The last term is the net loss, per compartment, due to the HVAC; when there is no

filtration or ventilation, there is no loss, and conversely if there is once-through ventilation (v=1) or perfect filtration (&=1),
then the loss rate is based on the full return flowrate.

Flow Allocation

A significant aspect of the analysis of HVAC systems is the manner in which the flow fy is allocated to the compartments
served by the system. Often this is done on the basis of heat loads, for temperature or humidity control. In this instance, the
flow allocation could be considered random for modeling purposes, because we cannot predict the flow fraction for a given
compartment, in general. Another strategy is to have a volume-proportional flow allocation, which will lead to an equal
number of air changes per hour (ACH) in all compartments. This is written

j=1

Thus a larger compartment will receive more flow than a smaller one. We will denote this condition as E-ACH. A third
approach would simply allocate the flow equally to all compartments, regardless of volume or heat load.

Since all compartments are served by the HVAC, when v is less than unity the system is "strongly connected" [4, p.54]
[3, p. 384]. This means that activity originating in any compartment can reach any other compartment.

Monitored Concentration

In many CPAM applications, notably in power reactors, the monitor will be sampling the air in an HVAC return duct, upstream
of any filtration. This concentration tells us what is happening in the monitored compartment(s). We can write the average
concentration in the HVAC return using the scalar product

0, (1) = x(t) z (3-9)
where z is a (p, ) vector with constant elements

7 = fH,i
S fuv

This concentration is just a flow-weighted average of the concentrations returning to the HVAC from the compartments, and is
the same as (3-7) with @and v zero. It will prove to be useful to combine (3-3) and (3-9) to find the HVAC-return equilibrium
concentration when we have constant sources. This can be written

(3-10)

0" (o) = (~A"Bu") 2 G3-11)

where the superscript 7 is transpose, and
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I/li:

0 if u, is not constant
u, if u, is constant

Finally, to simplify the notation in the monitor response expressions, we define a variation of the z vector that will return the
concentration for a single compartment, per nuclide, as follows:

=0 ; k=Lp ;2 =v,. "

mon mon

where mon represents the monitored-compartment number. The superscript s indicates that this is the z vector for the single-
compartment case. If we are monitoring the HVAC return, z" will represent the z vector as originally defined, in (3-10).

Practical Considerations

In many applications we would not have good data on the unforced air flowrates that are used to define the k parameters. It is
tempting to speculate that the HVAC flows dominate the unforced flows in the A matrix in such a manner that we could ignore
the k values, i.e., set them to zero.

The first question that comes to mind is, how can we assess the effect of changes in the k values, for a given system and source
configuration? Because our focus is on CPAM responses, and since the monitoring point is very often in the HVAC return, we
could use the monitored concentration (Q,,), i.e., (3-9), in a response variable. Further, we can use constant sources, so that we
will have a single equilibrium concentration value, given by (3-11), as the response.

To explore this, a number of numerical experiments were run, and it is was found that:

. if the HVAC allocation is E-ACH, the monitored concentration does not change as we increase or decrease or
even completely remove the unforced intercompartmental flows;’

. if the flow allocation is random, there is a change in the equilibrium concentration of a few percent, as the
unforced flowrates are varied across a wide range.

From these tests we can conclude that, if necessary, the k values can be set to zero without significantly changing conclusions
about a CPAM's predicted response.

Decay Chains

The HVAC model can be extended to include PP problems. In general there are N nuclides in a decay chain, and p physical
compartments. Taking each nuclide in each physical compartment to be a separate mathematical compartment, the state
variables will be the activities of these N nuclides in the p compartments, so that the length of x is now Np. We can handle
single-nuclide cases by setting N=1 in the expressions to follow.

We can organize the state vector in two ways; the elements can be grouped either by nuclide or by compartment. For example
we might have, for N=2 and p=2,

n=1k=1 n=1Lk=1

n=2k=1 n=1I1k=2
X = or

n=1k=2 n=2k=1

n=2k=2 n=2k=2

where n is the nuclide and k is the physical compartment. The issue is that the A matrix will be affected by our choice of
organization for x. It turns out that the second choice, above, of arranging the nuclides and compartments leads to a simple
way of generalizing the A matrix for PP systems.

This new A matrix will have (N,N) submatrices, each of which is (p,p), so that A is now (Np,Np). On the main diagonal of A
are (p,p) submatrices o, all with elements like the usual A matrix, i.e., (8), with parameters as appropriate for each nuclide.

* This can be shown analytically.
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Each of these submatrices reflects the physical-compartment transfers of activity, for a given nuclide. Usually what would vary
in the o submatrix elements are the first-order losses, with of course the decay constant, and possibly the plateout or HVAC
filtration efficiency, needing to be nuclide-specific. On the other hand, the physical properties of the system, such as volumes
and HVAC flow rates, are re-used in the o elements, because these properties do not change with the nuclide.

Below the main diagonal in A are submatrices W, which are (p,p) diagonal with all elements equal to the decay constant A,
multiplied by the branching ratio g, for the transition to nuclide n. These submatrices provide for the inter-nuclide transfers of
activity.

In (3-12) we have an illustration of these matrices, for N=4 and p=3. The upper triangular region of A is zero-filled, because
the progeny do not contribute to the parent activity. In the lower triangular region we have a band structure, since only the
immediate parent contributes to the progeny activity.

(3-12)
n, =diag(x,A,)

Consider a ®*Kr-**Rb 2-chain, three-compartment system, to illustrate this modeling. The A matrix is

o o o 0 0

ay ol  ak i 0o 0 0
a|9 ay a0 0 0
Ay 0 0 laf af af
0 Ay 0 loy o af

0 0 Ay oy af of

To construct the A matrix for this 2-chain we use (3-8) for the a-elements of (3-12). For the %Kr elements we use its decay
constant, a zero plateout rate, and a zero HVAC filtration efficiency @. For ®Rb's a-elements we have its decay constant and,
presumably, a nonzero plateout rate and filtration efficiency. The compartmental volumes, unforced exchange rates, and
HVAC flowrates are of course the same for both nuclides.

Once the A matrix is defined, we need to define the sources of all nuclides in the chain, and their allocation to the
compartments. Hence the sources are defined as usual by the Bu product, which will be a (Np,1) column vector (more on this
in the next section). The (Np,1) state vector, which will be a vector of activities, for a PP system is organized with all p
physical compartments represented, in order, N times, with the parent nuclide(s) appearing above the progeny nuclide(s), in
decay-chain order. For the Kr-Rb chain with three compartments we would have the activities

_{ Kkr Kr Kr | _Rb Rb ro\T
X=X X X X X X

This means that we can find the (scalar) activity for nuclide » in compartment k by using x-element

'x(n—I) p+ k

Similarly, the compartmental-volume vector v consists of N replications of the physical compartment volumes, in numerical
order, for a total length of Np. Using the same example, v will be a (6,1) column vector
T
|

(vl V, Vi v, v3) (3-13)

Vector-valued concentrations can be found using the (Np,Np) observation matrix C, which is
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C= [diag(v)]_I (3-14)

Finally, we also need to replicate the z vector used in (3-9), because it represents physical (not nuclide-specific) parameters.
This is done exactly as for the volumes, above, so that we have the vector z constructed like (3-13), with z; in place of the v..

Source Modeling

Source Allocation

To introduce this aspect of the analysis, consider first a single-nuclide problem. In the linear-systems format we can have any
number of sources of that nuclide providing activity to any number of compartments. The allocation of the m sources to the p
compartments is done via the (p,m) B matrix. To illustrate, suppose we have three sources and five compartments. Then we can
write, for example,

0 1 0

0 0 06|(u®
But)=|1 0 0 ||u@

0 0 0 [\u®

02 07 1

for the source product Bu. The first source u,(¢) drives compartment three at 100 percent strength, and it also drives
compartment five at 20 percent strength. In some modeling situations we would expect that the column sums of B would be
unity, but this is not a general requirement. Also, it is not required in general that there be one source per compartment; in the
example, compartment five is driven by all three sources, while compartment four is not driven by a source at all. However, in
many nuclear-facility applications, it would be unusual for a source to provide activity directly into a compartment other than
the one containing it.

For PP systems, we need to partition B as was done for x and A; then B will be (Np,m). For these systems we must define each
of the m sources u as a source of a specific nuclide. Each nuclide has a set of p rows in B, and we assign the source to the
row(s) in the source's nuclide's partition of B that correspond to the physical compartments driven by the source. For example,
returning to the three-compartment Kr-Rb system, we might have

0 0
1 0

Bu(®) =

o)
u, (1)

The top three rows of B are for the three physical compartments with the "parent" **Kr, and the bottom three rows are for the
"progeny" **Rb. Here the first source is releasing **Kr into the second compartment only, while the second source is emitting
%Rb into the first and third compartments.

S S o0
~ O ~Io

We can consider the initial condition (activity) to be a special case of a source, i.e., a Dirac delta function at time zero. This
means that the initial activity could be included in the source vector u. For clarity, however, we will keep the initial activities
separate. We will define a (Np, 1) vector of the initial activities of the N nuclides in the p compartments. For example,

x, = (x©0) A0 0|0 *0 L0)
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Source Time-Dependence

Next, we need to define the time-dependence of the sources that drive the compartmental system. We can cover many cases by
using an exponential shape for the source terms, and substantial flexibility in modeling source behaviors is available with a
"double-exponential" (DE) function

u(t) = S [exp(r,1) — fexp(r1)] (3-15)

where S is a source emission rate (activity/time), fis a zero-or-one switch controlling the presence of the second exponential,
and r; and r, are exponential-rate parameters, which are negative, with units of reciprocal time. The DE behavior can build up
to a peak and then decrease, and the rise and fall times can be adjusted. If f is zero we have the single-exponential (SE) case,’
with some initial emission rate S that decays toward zero, and if f and the parameter r; are both zero then we have a constant
source.

Experimenting numerically with (3-15) for various parameter values will show that, as we adjust the time to attain the peak
emission rate, given by
v
In [2}
T. = _Lhd

max ’

n=n

the achieved emission rate will no longer be the desired value, S. To maintain this value for any settings of the parameters we
need to normalize (divide) the emission rate by the factor

1 f=0

A= — — (3-16)
r'2 T }"2 Y]
=2 -2 1
(nj (nj !

Note that if fis unity (DE source), r; cannot be zero, and r; and », must be different.

To apply this source behavior it would be useful to have an idea of how to set the exponential parameter values in order to
attain some specified time-to-maximum. That is, we may have a source that reaches some maximum emission rate at, say, one
hour after its initiation. However, the time-to-maximum expression cannot be solved in closed form for the time, even if we
specify one of the parameters. Using a series expansion, it can be shown that if we have values for r, and 7,,,, then the
parameter r; is given, approximately, by

1
r(n,T,.,.) =
1 ) 2T, exp(-n, T

max

){ _exp(_rz Tmax ) + \/exp(_rZ Tmax )2 +4Tr2 exp(_”Z Tmax ) } (3-17)

With some numerical experimentation, we find the parameter results shown in Table I, which can be used to guide the selection
of the DE parameters for a time-to-maximum range from five minutes to ten hours. For example, to achieve a time-to-
maximum of two hours, we would use r, at -0.05 min” and T,nax at 120 min in (3-17), to obtain a value for r; of -1.26E-4 min™.
We can add further flexibility in source modeling by using a delay time for the exponential sources. This is implemented using
the Heaviside operator @, and with a delay time (2 included in the exponential argument. The operator @(£2) is zero for times
less than £2 and is unity thereafter. Each source can have its own delay time. Then the DE function (15) now becomes, adding
subscripts to indicate the source-dependent parameters,

u, (1) = % o(2) {exp[n,(1-2,)] - £, exp[ 1, (1-2,) ]} (3-18)

J

* SE sources can also be modeled using a "source compartment" rather than in the vector u. See [5, p. 48].
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TABLE [

PARAMETER RANGES FOR DE SOURCE TIMING; TIME IN MINUTES

I Tinax I Tnax Iy

-0.5 5| -5.80E-2 20 -2.27E-5
-0.15 20 | -9.14E-3 60 -1.85E-5
-0.05 60 | -3.05E-3 150 -2.80E-5
-0.02 150 | -1.22E-3 350 -1.84E-5
-0.01 350 | -3.43E-4 600 -2.52E-5

Any compartment may be driven by any combination of these sources, and it may also have a nonzero initial condition. As a
rule, in most practical situations we would have essentially constant, low-level (or zero) sources in most compartments, and
then after some delay, a larger source would become active in one compartment. We would be interested in the monitor
response to the new source.

Fig. 3-2 illustrates several source behaviors, with delays. The dotted line indicates the desired peak emission rate, and the plot
shows a consistent emission rate being attained by several sources with various peak times, demonstrating that the
normalization operates correctly.

35

Source emission rate, uCi/min
N

0.5

! ! ! ! 1
0 50 100 150 200 250 300
Time, minutes

Fig. 3-2. Source emission rate examples, showing normalization.

Solution Methods

Introduction

Our objective is to find mathematical expressions for predicting monitor responses, given a description of the system and the
sources. We can find the concentrations in the system, but this is not required. We will use the response models in [1], for the
exponential concentration shape. We are using an exponential source shape also, but the concentration (system response) will
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be exponential as well. Other concentration profiles are of course possible, and we would just use them in the models in [1] to
find the corresponding monitor responses. In this section we will briefly review the analytical and numerical solution methods,
and then develop the method of choice, which is a “quasi-numerical” approach, using eigenanalysis of the A matrix.

Analytical

Let us first consider a SCS; this system is defined by one ODE, the solution for which can be found in a number of ways. One
such solution is given by the scalar convolution integral [6]

x(1) = I u(7) exp|@(t—7)] dt + x,exp(@1) (3-19)

0

where wis the single, nonpositive, eigenvalue of this system, and x, is the initial activity in the compartment. The eigenvalue
will just be the sum of the first-order loss rates for the system. The solution (3-19) is the sum of the response due to the forcing
function u(t), and that due to the initial condition x,.

In the MCS case, there is a vector-matrix analog to the scalar convolution integral, and the vector-valued solution is given by
the matrix convolution integral [7]

x(1) = J' Bu(7) exp[A(t—T)}dl‘ + x,exp(Ar) (3-20)
0

The quantity exp(A t) is called the "matrix exponential" or "transition matrix." A powerful technique for finding analytical
solutions for the state variables x is the use of Laplace transforms. It can be shown that the solution to (3-20) can be written
[5, p. 26]

x(r) = 3~ [(sl—A)" BU(s)J + S"[(sI—A)" on (3-21)

where 37 is the inverse Laplace transform, I is the (p,p) identity matrix, U(s) is a vector of Laplace transforms of the sources,
and s is the Laplace variable. The Laplace approach is useful for systems of dimension three or less, in general, because the
algebra quickly becomes unwieldy for larger systems.

Using (3-21) will generate closed-form, algebraic expressions for the compartmental activities. An advantage of the Laplace
transform solution is that many oddly-shaped source behaviors, such as square wave or sawtooth, have Laplace transforms [8].
Discontinuous or delayed sources can also readily be handled, using the Heaviside operator, which also has a Laplace
transform [9].

Numerical

Of course, ODE systems can be solved by using any of a number of numerical solution methods. One advantage of the linear-
systems approach is that the ODE system can be defined in a matrix format, which makes for a clean implementation of the
solution.

We must, however, be careful in selecting an ODE-solver from the variety available. This is due to the presence of so-called
"stiff" ODE systems, especially for HVAC applications. A stiff system has widely-spread eigenvalues, which means
exponentials that decay on very different time scales. We must pay attention to stability, step size, and accuracy, as with any
numerical solution, but especially so for stiff ODE systems. Most scientific/engineering software has one or more ODE solvers
available that are appropriate for stiff systems.

We should use a numerical solution for problems with unusually-shaped and/or discontinuous sources, or problems where

parameters in the A matrix are not constants. A numerical solution also provides a good check on an analytical solution, when
we have developed the latter.
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It is also possible, given a list of (scalar) concentration values, to use numerical integration to solve the integral forms of the
countrate response models in [1]. For the FF monitor this is straightforward, while for the RW and CW monitors we need to
use numerical multiple integration.

Quasi-Numerical: Eigenvector-Eigenvalue

This method of solution begins with the factorization or diagonalization of the system matrix A, sometimes referred to as a
"spectral decomposition" [3, p. 377]. The factorization is

A =VDV'

where V consists of columns that are the eigenvectors of A. The matrix D is diagonal, with the eigenvalues along the main

diagonal. FOI’ p—2 we WIH ha\/e
-1
! ‘7D‘7—1 [ 11)( ZI\J [ 1 J [ 11\]( 2])
VVZ VZZ 0 a)z VIZ V22

where the columns in V are the eigenvectors of A, in the same order as the corresponding eigenvalues in D. What makes this
approach attractive is that most scientific/engineering software will have commands for finding the eigenvalues and
eigenvectors of a matrix.

This solution method is termed "quasi-numerical" because we will depend on numerical results for the eigenvectors and
eigenvalues, but we will use these in analytical (closed-form) expressions. Another significant advantage is the fact that we can
find solutions in a form that can be directly used in the monitor response models from [1], thus providing a complete analysis
(concentration dynamics and monitor responses) for a specified system.

Activity Solution

For use in the monitor response models we would like to find concentration solutions in the form of linear combinations of
exponentials, which, for the systems encountered in monitoring applications, is the form expected.

We begin by denoting the k-th eigenvector (column of V) as W, and the k-th row of V"' as Bx. Each eigenvector is (Np,1), and
each row vector B is (1,Np). It can be shown [10][3, p. 381] that the (Np,1) solution vector x(¢) for the compartmental activities
is

Np

x(7) = Z wkf B. B u(z) exp| @ (t—7)]dr + Zﬁk x, W,_exp(@, 1) (3-22)

k=

The source emission-rate model is a linear combination of exponentials, so we begin the solution with a single generic
exponential source function in (22). Writing out the matrix products as sums, this can then be written

Np Np m r_gl_ Np
x(t) = E E E {Wk B.,B,, cb(.Qj) j {exp[a)k ({t— .Qj}—f):| a; exp [bj T:|} dr} + E B, x, W, exp[a, 1]

k=1 q=1 j=I 0 k=1
(3-23)
where a; is a generalized emission rate and b; represents either r; or r,. Note that the convolution integral is now evaluated over
a range from zero to the elapsed time since the j-th source initiated; this occurred at time £2. The Heaviside operator @ "zeroes-

out" the contribution from the j-th source for times prior to £2. Evaluating the integral in (3-23) and substituting the source
parameters and normalization yields the activity vector
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Np  Np m S r}tf;‘ ‘ Np
x(t)zz E E Wkﬂkquq_j¢(.Qj)7j P _’ exp[rziyj(t—!zj)] - + B. x, a, exp|a, 1]
k=1 =1 =1 i 2 Tk k=1
I ,
w (t—2
r],j_wk h— exp[ k( ]):|

(3-24)
This relation applies when the rate constants r are distinct from the eigenvalues @, which will usually be the situation. If it is
not so, then we must return to (3-23) and re-evaluate it using the equality of the rate constant(s) and eigenvalue(s), explicitly. In

either case we will have an expression that can be "decomposed” into a sum of exponentials, each multiplied by a constant (or
rather, a vector of constants). This is the format required for use in the monitor response models.”

The activity-vector solution (3-24) can be written in a more compact general form as

m 4 Np
x(1) = Z Z Z{Wk (¥,,) I eXP[fh,j,k (=%, )]} (3-25)

and we define the various factors in (3-25) using the components from (3-24), as follows:

¥, =9 ¥, =4 ¥, =4 ¥,;=0
'fl,j,k =1, ‘fz,j,k =n; 53,,',1( =, 54,,',1( =,
Sj
Ljk — n - o, {FI kg “q.j
Sj
_f,' A,» Np
I ' :Bk.q I
2.~ @ =y
(3-26)
S ] f Np
Fj’,j,k A/{ - : } ﬂkq q.J
U/ 1~ @ py
r, -bx
m

The division by m in the last factor above corrects for the summation of the initial-condition portion of the solution over the

sources. If there are no sources, we can find the activity vector by using only the last term in (3-24), which is the contribution
to the solution due to the initial activities in the compartments.

We can add some additional flexibility for analysis purposes by generalizing the sum over the sources to have variable lower
and upper limits. With this we have the activity vector

5 This assumes that the shape of the concentration is that of a sum of exponentials. Other shapes are possible, and can be handled by the models in [1].
Exponential shapes are used because of their wide applicability and ability to model various time-dependencies.
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X(t 7 J2) = Z Z Z{Wk (¥,,) T, eXP[fhtfpk (-, )]} (3-27)
=i h=l k=l

Note that the correction (denominator) for the IC gamma factor, 4=4 in (3-26), now needs to be generalized to (j, - j; + 1). In
practice, it is most useful to examine one source at a time, so that j; and j, will be equal. With (3-27) we can see the activity
contributions by compartment, and by source, as well as the total response for all sources.

Concentration Solution

Once we have the eigenanalysis of the A matrix, we can proceed directly to the monitor response solutions, because the activity
and concentration profiles in the system will have exponential shapes, and analytical solutions for the monitor responses are
available for this form of dynamic behavior. However, it may be useful in some analyses to have explicit expressions for the
concentrations. There are both vector and scalar concentrations that are of interest; the scalar concentrations will be used,
implicitly, in the monitor response solutions.

The concentration vector is found from the activity vector (3-27) via
Q. ji. j») = Cx(, ., J») (3-28)

by analogy to (3-2). This will be an (Np,1) column vector, arranged like the activity vector x. The equilibrium concentration
vector is, using (3-3),

Q) = C[-A"Bu’] (3-29)
We can find the (scalar) concentration for nuclide n in compartment k by using Q-element
Qn-np+k
in (3-28) or (3-29).

The other scalar concentration of interest is that in the HVAC return. With z defined similarly to (3-13), we can use (3-9) with
(3-27) to find the monitored concentration in the HVAC return; this will of course be separate for each nuclide. We can apply
(3-9) by using only the subset of p elements in x that correspond to the respective nuclides, so that this flow-weighted average
concentration can be written

P

QnHVAC(t’ JisJ2) = Z'x(n—l)p+k (1,715 J12) % (3-30)
k=1
The equilibrium HVAC concentration for nuclide # is
P
0/ (o0) = Z[—A" Bu'] g (3-31)

k=1

which is based on (3-11).

Monitor Response Solutions

Introduction

We have several options for finding the monitor responses for a given system. The main purpose of the concentration modeling
described above is to provide an integrated solution for the monitor responses, and this will of course lead to one countrate
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solution option (Method A). With an extension of that modeling to include a FF monitor explicitly in the system definition,
another solution is obtained (Method B). Finally, if we have some independent calculation of the concentration dynamics,
resulting in a vector of concentrations per nuclide as a function of time, then numerical integration provides another solution
approach (Method C). For FF monitors, methods A, B, and C are applicable. For RW monitors, method A and the equivalent of
C, which we will call Method D, are available.

As with the concentration modeling, the formulation will assume a general PP system, of length N nuclides. All expressions
developed below will provide correct results for a single-nuclide application by using N=1. The PP aspect is important, because
one of the solutions (Method A) will not provide correct countrate predictions when precursors are collected on the monitor
filter. This is due to the fact that the ingrowth of progeny activity from the decay of the parent is not accounted for in that
model. The other two prediction methods properly account for this ingrowth.

Note that monitors respond to scalar concentrations, per nuclide. Thus we need to use (implicitly or explicitly, according to the
method) scalar, time-dependent concentrations in the prediction calculations.

Fixed-Filter

Method A (FF)
This approach uses the activity vector solution developed above. We first define a factor similar to (3-27), for any nuclide, with
decay constant A:

J> 4 Np
Nty A) = K'FZ Z Z (Wea(¥,,) I, ¢n@ijhk) (3-32)
J=i =l k=l

where F is the monitor flowrate, ft/min (cfm), xis a conversion constant (2.22)(106 dpm/pCi times 2.832x10% cm3/ft3), and

exp |:§h,j,k (t _SUM )] — €Xxp |:_/1(t _Syluj )]
A+ G4

This factor is developed using (1-18). It is important to recognize that the eigenvalues and exponential factors & must not be
equal to the negative of the decay constant A in these and subsequent expressions. This would seem unlikely to occur, but in
some PP systems we can in fact have eigenvalues that are the negative of 4. When this is the case we use

¢FF(t’ﬂ’j:hsk) = (t_syh,j) exp[—ﬂ(r—?’w)] (3-34)

O (1, A, j, b k) = (3-33)

which follows from the countrate convolution integral (1-2) and the fact that the concentration is assumed to be a linear
combination of exponentials. When the argument of any of the exponentials is equal to the negative of the decay constant, then
the integration yields (3-34) for that term. This solution has been tested against an independent numerical countrate solution
(the simulation described in [1]), and they agree.

The FF (or RW) countrate due to nuclide n will be
M

n

C@) = Z £..7., 6@ =" 1) (3-35)

j=1
where &, ; is the detection efficiency and ,; is the abundance for emission j of M total emissions for nuclide n, whose activity is
¢. Here, "emission" may include alpha, beta, and gamma decays, in various combinations. To simplify subsequent expressions,
we will use the "effective” efficiency £ for a given nuclide, without the superscript.

The total FF monitor countrate response to all nuclides is obtained from (3-32) using

N

P
CF by ) = Ze,, 0. {0 A 1} (3-36)
k=1

n=1
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where ¢, is the collection efficiency for nuclide 7 on the monitor's sampling medium.® This expression is for the HVAC-return
case; substitute z° for the single-compartment case. For the response due to any specific nuclide in a PP system, restrict the
outer sum in (3-36) to just that nuclide's index number.

For PP systems this solution will provide correct results when precursor nuclides are not collected on the monitor's filter.
However, the ingrowth of the progeny from the decay of its parent, if the latter is collected (note that it need not be detected), is
not accounted for in this formulation, and the solution will underestimate the monitor response in that case.

This FF monitor response solution is presented here because it works properly for single-nuclide (non-decay-chain) cases, and
for the **Kr-**Rb chain, which is frequently encountered in power reactor CPAM applications. For other FF situations the next
two solution methods are recommended.

Method B
This approach is an extension of the basic formulation of the linear system itself. The idea is that, because the FF is also a
linear system, we can combine it with the source/compartment/HV AC linear system into a single rate matrix A.

To see this, consider the ODE for the FF activity of nuclide n

4, _

" KF$,0,(t) = A8, + X, 4 ¢ 4

where the first term is the source from the sampled air, and the last term is the source from the decay of a precursor on the
monitor filter. In the ODE A4, is the "distance" to the parent of nuclide # in the numbering scheme of the chain; it is either one

or two (more on this below).

In the linear systems format we can consider the FF to be a single compartment, with a rate matrix

-4 0 0
Ay = |1 /12 _/12 0
0 X /13 _/13

expressing the transfer of activity among the nuclides on the filter (here, e.g., three nuclides). The source of activity from the
air is represented by the product

9, 0,(1)
Boug, () = 110,00 |«xF (3-37)
9, 05(1)

where I is an (V,N) identity matrix, because each of the m=N air concentrations only supplies activity to one nuclide.

The key to this extended-system formulation is to recognize that the source term (3-37) for activity from the air is just a
transfer of activity from the compartments to the monitor filter, and so can be expressed as elements in a new A matrix, which
we will denote as A. The FF "compartment" does not have a source in the system u vector, because those sources supply
activity only to the physical compartments.

We extend the system matrices by one "compartment," namely the FF collection medium. Thus the system dimension is now
P, or the number of physical compartments p plus one. The total system dimension will now be NP rather than Np.

Consider again the A matrix definition in (3-12). Each of the compartmental-transfer submatrices o is now to be extended to
permit activity to be transferred from some combination of compartments to the FF monitor compartment, which is in row and
column P. To illustrate, we use a three-physical-compartment system (p=3), and add the FF "compartment" as follows, for a
given nuclide # in the PP system:

® This parameter could also include a correction for line losses and/or anisokinetic sampling.
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o = (3-38)
! a;, a;, As;

_______________ 1___/1_

A, pr Xpy &, ps :_ n

where the elements in row P are the negative of the nuclide's decay constant A, at element (P,P), and
an,P,k=K¢nFZ:I ’ k=1’p
if we are monitoring the HVAC return, or

Ko F
&, p = vn p, =0 p; =0
1

if we are monitoring, e.g., compartment one. The factors z” are as defined in (3-10); these create the flow-weighted averaging
of the compartmental concentrations as seen in the HVAC return. The appropriate collection efficiency and decay constant, per
nuclide, must be used in each nuclide's o submatrix.

Also, the p submatrices in (3-12) must be extended by one row and column. This extension accounts for the transitions in the
decay chain on the FF collection medium, just as the other elements on the diagonal account for the transitions in the physical
compartments. Thus these submatrices are now (P, P).

The source-allocation matrix B is also extended, to maintain the conformability of the matrices, but the monitor compartment
does not receive any activity directly from a system source. Thus B is now (NP,m), where m is, again, the number of sources
driving the physical system, and rows (P, 2P, ..., NP) of B are zero-filled. These rows correspond to the FF compartments for
each nuclide.

The volume vector v will now be defined as
Vvp =1 3 Vppix=ve (k=Lp; n=1N)

with the FF elements having a value of unity. This is because the volume has already been accounted for in the FF elements in
the submatrices o. This extended volume vector can be used in (14) to define a new (NP,NP) C matrix, which will permit
finding both the concentrations (across nuclides and compartments) and the FF activities (across nuclides) in one step.
Multiplying the FF activities by the respective efficiencies, per nuclide, will give the corresponding FF countrates. The initial-
activity vector X, is also extended, with the new entries, at elements nP, representing the activities on the monitor filter at time
Zero.

The state vector for this extended system will have the activities of the nuclides in the compartments in N sets of P elements,
with the last in each set being the FF activity. Thus, the FF countrate is, using (3-27) for the activity solution vector x (length
NP),

N
C i) = )6 %y ) (3-39)
n=1
while the concentration of nuclide n in compartment k is

Xn-1)P+k (t, Ji> J>)

0, jpJy)= (3-40)

V
k
This can also be written in vector form as

0. j»J.) = Cx(t,j, j>)

and we find the concentrations at Q-elements (n-1)P+k. The equilibrium concentration vector is

’ Note that all sums in (3-27) are now taken over NP rather than Np.
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Q) = C(-A"Bu’ ) (3-41)

If selected as the monitoring point, the HVAC return concentrations are used implicitly in finding the FF response, via the last

row of the o submatrices. To find the HVAC concentration for nuclide n from the solution vector x, we can write
P

QnHVAC(t’ JiJ) = Z Xoenypt (5 Jy5 J2) Zf (3-42)

k=1
The equilibrium HVAC concentration for nuclide # is

0, (o) = Zp:[—A'lBu*]

k=1

7 (3-43)

(n—I1)P+k

With this approach we have a complete solution, for both the compartmental concentrations and the FF response, in a single
formulation. This solution applies for single-nuclide or PP cases, and for the latter the ingrowth on the collection medium is
included, if the collection efficiencies ¢ for precursors are nonzero.

Method C

This approach is best applied for more complex systems, with many compartments, or when the need for higher fidelity to
actual contaminant transport/dispersal leads to the use of more detailed and sophisticated codes, such as CONTAM. The output
from such codes, in the form of time-dependent concentrations of the nuclide(s), at the monitoring point, can then be used in a
numerical integration to find the FF response. Of course, we could also use the concentrations generated by the solution (3-28).

Consideration of the ODE system for a decay chain on the FF collection medium will show that a straightforward extension of
the convolution integral FF solution [1, (2)] for the activity ¢ of the n-th nuclide is given by the recursive convolution integrals

t

£.(t) = exp(=4,1) I [KF$,0,) + 2,4,¢, , (@] exp(4,7) dt + {,(0)exp(-4,1) (3-44)

0

where j, is, again, the branching ratio for the transition to nuclide n. Note that (3-44) includes an initial activity on the filter,
although we usually take this to be zero (clean filter at start of analysis). If the forms of the Q(z) are known analytically, then
(3-44) can provide a closed-form solution for the FF activities. The concentration Q(#) can have any shape; for the previous
solution options we required it to be a linear combination of exponentials. If we define y; to be zero, then (3-44) applies for a
single nuclide as well.

To illustrate the parameter 4, consider a decay chain with a branch at, e.g., nuclide three in the series. It decays to nuclides four
and five, with branching ratios ¥, and ys. In (44) when we find the activity of nuclide five due to the decay of its precursor (the
second term in brackets inside the integral), that precursor will not be nuclide four (n-1) but rather nuclide three (n-2), so 4,=1
and As=2. If there is no branching in the chain, then A is unity for all nuclides in the chain.®

The countrate response solution per nuclide is obtained by using the output of (3-44) in (3-35). This approach explicitly
accounts for the ingrowth of a nuclide on the filter due to the decay of its precursor on the filter. Using this with the
concentration output (3-28) can thus provide a complete, correct solution for any PP system, for FF monitors (as can method
B).

In some cases, notably including the ®*Kr-**Rb chain that is of particular interest in power reactors, the precursor **Kr has a
collection efficiency ¢ of zero. This means that there is no ingrowth of **Rb because the second term in the integral in (3-44)
for ®¥Rb (n=2) will be zero. Thus, all three methods will produce the same countrate prediction.

¥ This "distance" also applies to (3-12); there, this principle is implemented by placing the , submatrix in column 7-4,.
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Rectangular-Window Moving Filter

Method D

As with the FF monitor, if we have concentration values as a function of time, it is possible to use the RW countrate response
model (1-5, 1-6) if numerical multiple integration is available.” The concentration time-dependence need not be exponential.
However, this solution only applies for a single nuclide, or a PP system of length two if the precursor is not collected by the
monitor (e.g., 8Kr).

Method A (RW)

The RW countrate response for the exponential Q(¢) formulated in Section IV is found using (1-21, 1-22). For moving-filter
monitors we have the complication of a different response function for before and after the transit time. We will refer to the
physical transit time 7 as the transit inferval, to distinguish it from the "clock time" at which the transit interval elapses.
Further, by definition, the transit-interval time is measured from the start of the respective concentration transient. Thus we will
have different transit-interval-elapse clock times for the several sources. For a RW monitor the transit time 7 is the window
length divided by the filter speed.

The countrate for time prior to the transit interval is found using the factor

2 4 N
N g on ) = KFZ Z Z [Wde(y/h’j) Lyp OG0 { 1 - ¢(T+¥’hﬁj)}] (3-45)
J=jl h=l k=1
with

_r eXp[fh"-””‘ (Z_SHW)J([I_glhwi][’l"'fmk] B 1) *
(b T e[ -2,

¢RW—1 (tv;i’ ]’h7k) = ] t_![,hyj (3'46)
—T{exp [‘fh,j,k (=%, )] - €Xp [_/l(t ¥, ):I}
A+ é:h,j,k
when the arguments & are not equal to the negative of the decay constant A. If they are equal, we use
(r-#.,)
a1 (1.4, .1 k) = eXp[_’l(t_Wh,j)J (t_yl/uj) B 2—;1 (3-47)

The countrate for time after the transit interval is found using the factor

j2 4 Np
"7, g, A) = KFZ Z Z [Wk D(P,,) This eyt A, juhok) @(T+¥’h7j)] (3-48)
j=jl  h=1 k=l
with

. 1 1\ 1
Py (A, j k) = —— {exp[g L=, j)](/i +& —?j to exp| &, (=¥, ,—T) - ﬁTﬂ (3-49)

+ é:h,j,k )

or, again, the special solution

Doy (1A, j k) = gexp[—/i(t—% j)] (3-50)

® This has been exercised and does in fact produce the same responses as the solution developed here.
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if needed. Note in (3-45) and (3-48) that we have a second Heaviside operator; this switches the solutions on or off as time
passes through the transit times.

The complete RW countrate solution is obtained using

N

P
C 1) = D6 D [t A M o2 (3-51)
k=1

n—1

where the same considerations apply as for (3-36). Note that, like this form of solution for the FF monitor, in a PP system
where the precursor is collected by the monitor, the predicted RW response will be underestimated. This is because the
ingrowth of the progeny due to the decay of the parent on the filter is not accounted for in the modeling. At this time there is no
equivalent to either method B or C for RW monitors.

Circular-Window Moving Filter

We can proceed with the same analysis as for the RW, but now using the circular-window (CW) models (1-28) to (1-32).
These expressions will be quite cumbersome, and for design purposes it will be sufficient to use the RW approximation for the
CW response. This is done by using the adjusted RW window length

16 R
cw = 3

where R is the CW window radius. This is (1-14), and the RW response will be close enough to the CW response for design
purposes. See [1] for a comparison of the “exact” and approximate responses; they usually are within a few percent of each
other.

Equilibrium Countrates

It will be useful to collect the expressions for the countrates attained by these monitors when the system is driven by one or
more constant sources. These countrates can be found by using the expressions developed above, for a constant source, and
taking limits as time becomes large. However, it will be simpler to note that the equilibrium of the concentration can be found
using (3-3) or (3-11), and then use the response models from [1] for this constant concentration to find the monitor responses.

For method A, the limiting countrate for FF or RW is given by
N p
. _ A * H _
C(o0) = KFZZEn ¢,0,[-A" Bu ](HW zl (3-52)
n=1 k=1
where o, is

s
4,

for FF, and

1
7 lZT[] - exp(—/inT)J

for RW. As usual, use z° if monitoring a single compartment. (The subscripted-bracket notation means to use the indicated
element of the vector that results from the matrix products in the brackets.)

3-22



Particulate Air Monitoring Mathematical Sourcebook

For FF (3-52) is developed from (1-19), and it only applies when the product of the smallest decay constant and time is large,
and if the nuclides are short-lived (SL)."” For long-lived activity (LL), we see from (1-20) that the FF countrate will linearly
increase without limit. The slope of the FF response would then be constant, but the countrate will not attain an equilibrium.
For RW (3-52) is developed using (1-25), and it applies for either LL or SL activity. Recall that T is the RW transit interval.
For LL activity the RW ¢, simplifies to 0.57, as seen in (1-26).

For CW we could use the models in [1] along with (11), but it will be much simpler to use the RW approximation, and then use
(3-52) for RW with an adjusted transit interval,

_I6R
VY376

where Ois the filter speed.

For method B, the equilibrium FF countrate is found directly, when no LL nuclides are present, using
N

“FF _ Al * _
€ (w0) = Zen[c( A7Bu )| (3-53)
n=1
where the italicized vectors/matrices are the extended versions. Note that the monitoring point (single compartment or HVAC)
has already been accounted for in setting up the A matrix for this method.

There are no equivalent expressions for the equilibrium countrates for methods C or D, since these rely on external calculations
of the concentrations.

Time to Equilibrium

It would be of interest to have some idea of the length of time needed for the concentrations and countrates to attain some
fraction of their equilibrium values. In linear-systems analysis, the time-dependent behavior of the solution over long times is
controlled by the "dominant root" [6, p. 304]. This is the eigenvalue with the smallest magnitude (minimum-magnitude
eigenvalue, MME). With the MME found numerically from A, we can define a "time-to-equilibrium" (TTE) for the monitored
concentration, with

rr, - 6 In(2)
MME

by analogy to radioactive decay (six "half-lives"). This will be about 0.984 of the final equilibrium value, and will give an
approximate idea of how long it will take the system to approach a constant monitored-concentration value. The clock time at
which this occurs will be the sum of the TTE and the source's delay time £2. The TTE is intended as a design guide, and not as
a decision point in actual application of these calculations. It provides a rough indication, for a given system, of how long we
will need to wait to be reasonably close to equilibrium.

A TTE for the countrates can be defined, for SL activity, as

ln(l j
61n(2 MME
ke = /1( 4 A—MME

where the second term is the inflection point of the countrate. For a RW monitor the TTE will be the smaller of this or the
transit time, for any activity. The countrate TTE is somewhat longer than the concentration TTE, because the concentration
must become more or less constant before the countrates can do the same.

To illustrate these calculations, consider the concentration behaviors in Fig. 3-3. This single-nuclide, four-compartment, three-
source system will be discussed below, but for the present we use it with constant sources. The concentrations are found using

!0 Short-lived activity can decay significantly during the analysis period, while long-lived activity does not.
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(3-28), and the horizontal dotted lines are the equilibria for the compartment concentrations from (3-29) and the monitored
concentration from (3-31). The vertical dotted line is the TTEq, and it provides a good estimate for this E-ACH system.

In Fig. 3-4 we have the FF responses, using (3-36); the overall (sum) response has Poisson noise added."' The RW response for
this example is very similar. The responses to the individual sources are indicated with dotted lines. Note the nonzero initial
slope, due to the nonzero initial concentration in the system. The solid horizontal line is the predicted equilibrium, from (3-52);
the countrate does attain this level and it stays there, because the nuclide is SL (88Rb). The solid vertical line is the TTEc, and
this provides a reasonable indication of when the equilibrium countrate was attained.
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Fig. 3-3. Constant-source concentrations and sources. Numbers on Fig. 3-4. Fixed-filter countrate response for constant sources of Fig. 3-
source lines indicate compartments driven by the source (i.e., 3.

transposed columns of B).

Example Analyses

Single Nuclide, Four-Compartment

Introduction

This example, one of many numerical experiments that have been run using the methodology developed above, is meant to
illustrate the concentration dynamics and monitor responses for a multicompartment facility, with a single nuclide monitored
via the HVAC return duct.

System

We have four compartments, interconnected as shown in Fig. 3-1. The compartments have no exfiltration to the environment,
as is usually the case for a nuclear facility. One set of unforced flows is shown in the figure, but these are all set to zero. The
HVAC service is balanced and is E-ACH. The HVAC has a ventilation fraction of 0.5, and a filtration efficiency of 0.5 as well.
The nuclide being monitored is LL, so that we can see the difference in the FF and RW responses. (As shown in [1], for SL the
responses are very similar.) Plateout is not used.

Sources
There are three sources, whose behavior is illustrated in the lower pane of Fig. 3-5. The first is a DE source, with a delay of 25
minutes, and a relatively low amplitude. Its peak is attained at about 60 minutes, after which it decays slowly. This source

! This data is processed with a variance-reducing countrate algorithm, described in [2, (4)].
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drives compartments three and four. Next we have a constant source, with a delay of 200 minutes, and a somewhat larger
magnitude. This source drives compartments one and two. Finally we have a "puff" source, a rapidly-decaying SE, at 400
minutes. This source drives compartments one and three. We also have nonzero initial conditions, with (randomly-selected)
activity in all four compartments at time zero.

Concentration Dynamics

In the top pane of Fig. 3-5 we have the concentration behaviors for this system. The thinner lines are the four compartmental
concentrations, via (3-28), while the thicker line is the HVAC-return, monitored concentration, from (3-30). The dotted
horizontal lines are the equilibrium concentrations, due to the constant source, from (3-29), and (3-31) for the HVAC. The
circles and squares on these lines are the results from an independent numerical ODE-solver solution for the concentrations;
clearly the agreement is excellent.

Monitor Responses

The FF response is shown in Fig. 3-6. The thicker solid line is the overall response, i.e., the sum of the responses due to the
individual sources, which are shown as dotted lines. The responses are found using (3-36), one source (and the initial
condition) at a time. The circles are the results from the FF numerical model discussed in [1]; they agree well.

In Fig. 3-7 we have the RW responses for this run, using (3-51). Here we can see the clearing of the LL activity by this
monitor, especially in the initial-condition and SE responses. In this case we have a countrate equilibrium, because there is a
constant source; the equilibrium is found using (3-52), and it is indicated by the thin solid line. Note that the constant-source
portion of the response does attain this equilibrium level, at a time equal to the transit interval of the monitor (120 minutes)
plus the delay time of the constant source (200 minutes). The overall response will also attain this level, when the DE source
has decayed away. Again the circles represent the output from the numerical model for RW, from [1], and the agreement is
good.

Parent-Progeny, Two-Compartment

Introduction

In this example we will consider a case study of a monitoring application that arose at an operating nuclear power plant, the
SM-1."* At issue was the interpretation of a CPAM (FF) response during preparations for entry into the reactor containment
building. The main interest was in recognizing when the containment air concentration was at a level acceptable for the
initiation of purging, and also to estimate the concentration for determination of respiratory protection needed for personnel
entry.

During normal operations, primary coolant leakage into the control-rod-drive sump, directly below the pressure vessel, released
significant quantities of **Kr into the sump air. The decay of **Kr of course produced **Rb. There was no air movement into or
out of the sump (excepting perhaps some slight unforced flow due to temperature differentials), so this activity remained in the
sump, and attained equilibrium, assuming that the ®*Kr emission rate was nearly constant.

When the need arose to enter containment, the reactor was shut down and the primary pressure reduced. This would greatly
reduce the coolant leakage, and the source term for the Kr would essentially vanish. The sump activities would then decrease,
with the **Kr half-life (2.8 h). The concentrations of Kr-Rb in the bulk of containment were very small, because there was no
mechanism to move the highly contaminated air out of the sump, and there were no other comparable primary coolant
leakages.

The SM-1 containment had a "decontamination-ventilation fan" (DVF) air handling system. In its decontamination mode the
containment air was recirculated through HEPA filters; in the ventilation mode the air flow was directed to the plant stack,
after opening the personnel hatch. During normal operations the DVF was secured. When the primary system pressure was
reduced to atmospheric, the DVF was started, and, after some recirculation time, the personnel hatch was opened and the DVF
was "valved to stack."

'2 The SM-1 was a small PWR operated by the U. S. Army Corps of Engineers Reactors Group at Ft. Belvoir, VA, ca. 1954-74.
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Fig. 3-5. Concentrations and sources for four-compartment systen. Fig. 3-6. Fixed-filter response for four-compartment system of Fig. 3-
Symbols represent independent numerical solutions. In upper pane, 5. Circles represent independent numerical solution. Dotted lines are
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Fig. 3-7. RW response for four-compartment system of Fig. 3-5. Same notation as Fig. 3-6.

Recirculation was done while the containment was otherwise sealed (the DVF filters and some ductwork were outside
containment). The idea, of course, was to use the DVF to reduce the levels of particulate nuclides in the containment air prior
to personnel entry and prior to purge (ventilation). A FF monitor sampled the air in the DVF return, upstream of the filters.

During containment entries the FF monitor responses were used to estimate the concentration in containment, but when
personnel entry was made, localized high-volume air sampling showed concentration estimates that were much lower than
those indicated by the FF monitor. At the time, the methodology for interpreting the monitor response in terms of the
concentration dynamics was not well-developed, so that some difference would be expected; however, the difference was large
enough to indicate that there was some other inconsistency.

In studying and modeling this system, to understand the observed monitor responses so that improved procedures for
containment entry could be developed, investigation of the "as-built" drawings for the plant showed that a condensate drain line
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for the DVF led to the containment sump. The containment air was humid, so that during recirculation significant condensation
would occur in the DVF return ducts. This moisture was to drain to the sump via a small pipe (about one inch diameter), that
entered the sump about one foot above the floor. This entry point was not covered by water.

The DVF drain line was a "sneak circuit" that provided a direct path for highly contaminated air from the sump to enter the
DVF return. The DVF's function was compromised by this unintended path, and it also had significant effects on the indicated
(monitored) concentrations. Next we will model this system using the mathematics developed above, and investigate the
monitor responses with regard to the actual concentration behaviors during recirculation and purge.

System

This system can be modeled as parent-progeny (**Kr-**Rb), two-compartment (sump and rest-of-containment), with HVAC
(DVF), used in both pure recirculation/filtration (v=0, @>0) and pure ventilation (v=1) modes. In Fig. 3-8 we have a schematic
of the system. The following points are important in defining the A matrix for this system; this assumes the DVF is on, in
either recirculation or purge mode:

SUPPLY
f
f
2,1 Kk
2,1
| SUMP J
> > f
Kr N Rb Kr N Rb H
Kr Kr
X X3 X2 X4
CONTAINMENT 1 condensate drain l
o "o
recirc
i f ’
H,1 H,1
) valve
RETURN fuo
to monitor fiter purge
PEAMUNLN S

Y

Fig. 3-8. System sketch for SM-1 containment example.

e There is no DVF flow directly to the sump volume (f,5=0).

e The air flow from the sump to the DVF, via the drain line, (fy,) is very small.

e The makeup air supply to the sump is from the containment air volume (k;;).

e The flow from containment to the sump equals the flow from the sump to the DVF (k;;=f#5).
e There is no direct air flow from the sump to the containment (k;,=0).

e  All the exchange rates are the same for Kr and Rb.

e The DVF filter efficiency for **Kr is zero.

e The DVF filter efficiency for **Rb is taken to be 0.5.

e The plateout, if any, of *Rb is ignored.

e Asusual for containment buildings, the exfiltration rates are zero.
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Adapting the general parent-progeny model (12) to this situation, we have a 2-chain and two compartments, so that the system
matrix becomes:
Kr Kr
a]] a]Z
Kr Kr
gZI aZZ _
Aw O i al oy
0 ﬂ'Rb : a?]b a;;b
The state variables are: x;, 8Kr in containment; x,, 8Kr in sump; X3, %Rb in containment; x, %Rb in sump. Using (8) with
substitutions as needed for this problem, we will have the A-elements

ay = —ky —A, + |:(1—U)f1—H - ]}&
)

H Vi

o o (1-v) Lo Su

a, =
Ju v
Kr __
@ = k21
Kr _ Sz
@, = _/110 -
Va

a¥ = -k, —Ay + {(1-@)(1_0)13_11 _ 1}@

H Vi

at = (1-0)(1-v)Le Loz

H VZ
Rb  __
aZ 1 = kZ 1
Rb f H2
aZZ J‘Rb

The ventilation fraction v is zero during recirculation, and is unity for purge. The HVAC flow to containment f; is the entire
flow fy, because no air flows directly from the HVAC to the sump. Thus these elements could be simplified further. The sump-
to-DVF flow is one percent of the total flow, and the sump volume is five percent of the containment volume. The DVF
flowrate is 4000 cfm and the containment total volume is 34000 ft’.

Sources

The only source of activity in this system is of **Kr, and it is in the sump. However, this source is only active during normal
operations, because it depends on the pressure in the primary system. We are analyzing the behavior during the operation of the
DVEF, which only occurs during shutdown, so that the coolant-leakage source of **Kr is no longer significant. Thus the only
"source" for the system is the initial condition in the sump, which is nonzero; in the rest of containment we will assume a zero
initial condition for both nuclides.

During operation we can assume an essentially constant emission rate of **Kr, so that (3-29) will give the equilibrium
concentrations; with no plateout and no DVF flow the equilibrium activities, and concentrations, are equal. We will treat the
%Kr source as remaining constant at its operational level, and then turning off instantaneously at the start of DVF recirculation.

The ®*Kr source term during operation is given by the product of the leakage rate, the coolant concentration, and the partition
factor. For the example runs these parameters were 0.003 gpm, 0.01 uCi/cc, and unity, respectively. These values were selected
arbitrarily; the concentration and countrate results will scale linearly with this product. The monitor parameters were: detection
efficiency 0.2; flowrate, 5 cfm; collection and line-loss efficiency, 0.7. There is no Bu product for this problem, because there
are no active sources.
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Concentration Dynamics, Recirculation

In Fig. 3-9 we have a plot of the sump and containment concentrations for **Kr (squares) and *Rb (circles), for the
recirculation mode. The sump concentrations have filled (solid) symbols. The lines are calculated from (3-27). The symbols are
found using a numerical ODE solver, and the agreement is good. The thicker solid line is the DVF return concentration, from
(3-30), which is what the monitor samples.

Concentration, uCi/cc

10° ! ! I I I I I I !

0 25 50 75 100 125 150 175 200 225
Time. minutes

Fig. 3-9. SM-1 (2-compartment Kr-Rb) concentrations, for recirculation. Symbols
represent independent numerical solutions: W= *Kr, sump; ®="Rb, sump; = *Kr,
containment; O="°Rb, containment. Thicker line is DVF (HVAC) return concentration,

%Rb. Dotted lines indicate transient-equilibrium concentrations.

At the start of recirculation, the sump concentrations are relatively high, while the containment concentrations are very small.
As the DVF operates, the sump concentrations decrease while the containment concentrations increase. This is contrary to the
purpose of the DVF; if it was not used, the concentrations in containment areas other than the sump would remain low. On the
other hand, if work needed to be done in the sump area, this unintended flow would help to reduce the high concentrations
there, and this reduction would not likely happen otherwise, because there was no ductwork connecting the DVF to the sump
area.

The monitored concentration starts at a level much higher than that in containment, increases for about an hour, and then
decreases and tracks the containment **Rb concentration after about two hours. Thus the monitored concentration does not
represent the concentration in containment for the first two hours of recirculation, although the difference is not large after
about 30 minutes. The monitored concentration is higher than that in containment because the DVF return is receiving
contaminated air from the sump, albeit at a low flow rate, via the condensate drain line.

The dotted lines in Fig. 3-9 indicate the *Rb levels that would occur during transient equilibrium with its parent. Note that, for
the sump, the concentrations start out equal, and then the 8Rb increases toward the equilibrium level, which is

e g

/IRb - ﬂm

That is, in the absence of filtration and any source term, the sump 8Rb concentration would be 1.12 times the ¥Kr
concentration as they both decay off with the **Kr half-life. With filtration, we see that the sump **Rb concentration crosses
over and falls below the sump **Kr concentration, in about two hours. The containment Rb concentration stays below the
containment Kr at all times. The difference between the containment dotted line and the actual containment **Rb concentration
represents the effect of the DVF filtration.
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As time proceeds past about four hours of recirculation the sump and containment **Kr concentrations become essentially
equal, and then both decay at the **Kr half-life, as do both *Rb concentrations. The DVF filtration is not having a significant
effect on the rate of removal of the ®Rbj; it produces an offser from the level that would obtain with no filtration (the dotted
line), but the rate of the **Rb concentration's decrease is the same as that of the **Kr. This happens because **Rb is produced by
the decay of **Kr, and the DVF does not remove the Kr.

Concentration Dynamics, Purge

In Fig. 3-10 we have the concentration behaviors for a containment purge, starting from about the concentration values at the
end of the run in Fig. 3-9. The notation is the same, with the addition of the plus signs, which represent the rate of decrease due
to pure dilution. The containment concentrations decrease rapidly, at the dilution rate, while the sump concentrations maintain
a rate of decrease that is now larger than that due only to the **Kr decay. The (unintended) removal of air via the condensate
drain line is hastening the reduction of the sump concentrations.
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Fig. 3-10. SM-1 concentrations, for purge. Same notation as Fig. 3-9, with + representing
pure dilution of *Rb from initial concentration.

In this mode, the monitored (DVF return) concentration follows the containment 8Rb behavior, as it was doing at the end of
the recirculation mode, for roughly the first half-hour. After this time, it decreases more slowly, now following the rate of
decrease of the sump concentrations. This is due to the fact that as the containment concentration becomes smaller it reveals
the contribution from the low-flowrate, but relatively high-concentration, sump activity. Thus the monitored concentration
would indicate higher levels in containment than actually exist, although by the time this effect becomes significant the levels
are low.

Note that the containment purge leads to a particulate effluent release of a rapidly-changing concentration of a short-lived
nuclide, ®¥Rb. Estimating the activity released due to this containment purge is of interest; see (2-18) for a FF measurement
technique that was developed at the SM-1 specifically for this purpose.

Fig. 3-11 shows the concentrations for a continuous recirculation-to-purge run, with four hours of recirculation and four hours
of purge. Note that the slope of the sump concentrations decreases as the recirculation period proceeds, and then regains the
same level once the purge begins. The decrease in slope is due to the *Kr activity in containment re-entering the sump, until
the two concentrations become equal, and then both decrease with the ®*Kr half-life until the purge begins.
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Fig. 3-11. SM-1 concentrations, continuous recirculation-to-purge. Same notation as Fig. 10.

Monitor Response, Recirculation and Purge

In Fig. 3-12 we have the FF response, generated by numerical integration of the monitored concentration in Fig. 3-11, and with
Poisson noise added." That is, the monitor response was found using method C rather than A. The squares in Fig. 3-12 show
the output from the numerical model discussed in [1]; we see that the results agree well. If only FF responses are needed, and if
the concentration behavior is available, then the direct integration of method C is a straightforward way of obtaining the FF
response.

We see that the monitor, starting with a clean filter at the start of recirculation, exhibits a nonzero initial slope. This is due to
the fact that there is a nonzero initial monitored concentration, as we can see in Fig. 3-11. Using (2-7) we could estimate this
initial concentration. The containment **Rb concentration does not change very much once it has increased at the start of
recirculation, so that we could use this initial estimate as an approximate measurement, for procedural purposes.

As recirculation continues, the monitor response reaches a broad peak and then decreases, following the slow decrease of the
monitored **Rb concentration. When the purge begins, if we do not change the monitor collection medium the FF response will
then decrease rapidly towards background.

If, as is more likely, we change the filter at the start of the purge, then the FF response is as shown in Fig. 3-13. This has the
countrate obtained using (3-36), with noise added, and also the countrate from method C, as the thicker solid line. Here we also
have a nonzero initial slope, which can be used to estimate the initial concentration at the start of the purge. We could use this
along with the dilution rate of the DVF (fy;/v) to provide a procedural guideline as to the **Rb concentration in containment.
This is the "plus sign" line in Figs. 3-10 and 3-11; note that it tracks the actual concentration much better than the concentration
that would be indicated by a monitor observing the DVF return concentration, if we had a quantitative method for converting
that monitor's dynamic response to a concentration estimate.'*

" This data is also processed with the variance-reducing countrate algorithm of (2-4).
' See [2] for several approaches to this problem.
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Fig. 3-12. SM-1 continuous recirculation-to-purge, fixed-filter response Fig. 3-13. SM-1 purge fixed-filter response with Poisson noise; filter
with Poisson noise, no filter change. Symbols represent independent change at start of purge. Thicker solid line is response from method C.
numerical solution. Dotted line is background countrate.

Conclusion

We have developed expressions that can be used to predict CPAM responses, for multicompartment systems with HVAC.
Several options for these calculations are available, with three choices for FF monitors, and two choices for RW monitors.
There are, however, some limitations on these prediction models; consider the nuclide behaviors in Table II.

TABLE II

NUCLIDE CASES, FOR MONITOR RESPONSE PREDICTION

Case LChain Col'le'ction Example
ength Efficiency
1 N=1 ¢ >0 cs
2 N=2 ¢ =0 %Kr - ¥Rb
3 N>2 ¢ >0 Rn progeny

These cases arise because some of the calculations do not account for the ingrowth of a progeny nuclide due to the decay of its
parent on the monitor filter. In Table II, the first and second cases do not have this problem, in the first instance because it is
not a PP situation, and in the second because the parent nuclide is not collected on the filter. The third case applies when any
precursor in a chain is collected, if its progeny is also collected. Methods that do not account for ingrowth when it is present
will underestimate the monitor response.

The monitor response prediction methods are summarized in Table III, with regard to these nuclide cases. In this table the u(t)
column indicates the assumed shape of the source behavior; the double-exponential form (18) was used in developing the
solutions for methods A and B. Methods C and D are purely numerical and will apply for any (integrable) concentration
behavior, which in turn could be generated by any source behavior.
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TABLE III

SUMMARY OF MONITOR RESPONSE PREDICTION METHODS

Method  Equation Monitor Case u(t)
A (36) FF 1,2 (18)
A (&2))] RW 1,2 (18)
B 39) FF 1,2,3 (18)
C (35),(44) FF 1,2,3 any
D [1, (5-6)] RW 1,2 any

Which of the methods we would select depends of course on the problem definition. If we have used “external” concentration
calculations, e.g., from a code such as CONTAM, then methods C and D become useful, while if we are using the integrated
approach developed in this paper, methods A and B are appropriate. For many power reactor RMS analyses, the
straightforward modeling implemented in methods A and B will be a reasonable approach. The computations are readily
mechanized, and they will provide a valuable analytical tool for the efficient analysis of many CPAM applications.
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Updates

Need geometric correction; relation of this to full decay-chain RW/CW models??; redo 2compartment2nuclides incl SM1 with matrix expo not eigens
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Chapter 4

Fast-Filter-Speed Method

Health Physics, 102(4) April 2012; 410-418. Erratum 102(6) June 2012; 708

A previously-published mathematical model for the dynamic response of moving-filter continuous particulate air
monitors has been enhanced, to extend that model to include decay chains. During this work it was observed that a
quantitative relation appeared to exist between the monitor count rate and the time-dependent particulate airborne
radioactive material concentration if, and only if, the filter (tape) speed was much faster than the nominal 2.54 cm h'!
(one inch ). The extended model demonstrated that operating moving-filter monitors at this nominal filter speed does
not provide a quantitative measurement of a changing airborne particulate concentration of a fission product or other
contaminant. By contrast, at faster filter speeds, e.g., 76.2 or 152.4 cm h™' (30 or 60 inches h'), numerical
experimentation with this model showed that the count rate trace has essentially the same shape as the concentration
profile. It was then found that a quantitative relation applies, but only when the filter speed is sufficiently fast so that a
Taylor series expansion of the monitor count rate can be reasonably well truncated at the first-order term. This mode
of operation, which does not require any new monitor hardware, is capable of tracking rapidly-changing
concentrations. Since the fast filter speed also reduces the monitor’s count rate, all else being equal, the approach will
best be used for relatively high-level concentrations, such as may occur in abnormal or “accident” conditions. The
count rate suppression may also be useful for reducing the detector saturation that can occur with higher levels of
airborne particulate radioactivity, in post-accident situations.

Introduction

Moving-filter continuous particulate air monitors have been used in nuclear facilities for decades. Usually they are deployed in
situations where dust loading on the collection medium is a problem, such that a fixed-filter monitor would have its flow rate
diminished too quickly, requiring frequent filter changes. Previous work [1,2] has shown, however, that only under the most
restrictive assumptions is there any quantitative relation between an observed (net) count rate and the particulate air
concentration, for a moving-filter monitor.

For applied radiological protection purposes in nuclear facilities it would be very useful to find a technique for using these
monitors in a manner that would do more than just generate an alarm; the question is whether they can be used to actually
measure a rapidly-changing air concentration, as it is happening. It seems that some users of these devices interpret the
manufacturer’s “calibration curves” to mean that, at any time, one can take the monitor’s net count rate, multiply by a
conversion constant read from those curves, and obtain an estimate of the air concentration at that time. It is the case, as shown
in [2], that this simple conversion only applies if the radioactivity has a concentration which remains constant for a time on the
order of several hours. If these conditions are not met, then there is no quantitative relation between a moving filter monitor’s
net count rate and the changing air concentration that drives that count rate.

In extending the moving-filter model reported in [1] to include decay chains, so that natural airborne radioactivity (radon-
thoron) can be accounted for, the lack of a quantitative relationship was clear, in numerical experimentation with this extended
model. However, it had previously been speculated in that earlier work that a variable-speed filter motion might show promise
as a quantitative method. In exploring this idea, it was seen that using a constant but much faster filter speed than normal, e.g.,
perhaps 76.2 or 152.4 cm h™' (30 or 60 inches h") instead of the usual 2.54 cm h'' (one inch h™), provided an apparent
proportionality between the count rate and a changing concentration. This proportionality was numerically verified, and then a
solid mathematical foundation was found for it. The purpose of this paper is to report on these developments, and to show that
a moving-filter monitor can, for the first time, be used to quantitatively assess a changing air concentration.

Monitor Response Mathematical Model

Consider the sequential, "chain" decay of a series of nuclides, e.g., of length three, deposited from time-dependent
concentrations in sampled air onto a collection medium simultaneously viewed by a detector. In order to calculate the count
rate response of a particulate monitor, the starting point is a set of ordinary differential equations (ODE) for the time-dependent
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activity on the collection medium, or "filter." For either a fixed filter, or a differential area of a moving filter, these equations
are (the symbols are defined below):

da,
7= _/110‘1 + kF@Q(1)
da. .
dtz 212772 ) —120{2 + kF@Q,@)
do
7t3= /137730‘2 _/130{3 + kFoQ,(1)

These equations are re-cast into the linear systems format, using for now constant concentrations,

-4 0 0 1 00
A=\mit -4 0 B={0 10

0 A4 -4 00 1) ,
0, a

u=|0, |kFo o= a,
0, a,

so that

ia=Au+Bu.
dt

The matrix B is the source-allocation matrix, which in this case is just an identity matrix, since each air concentration source
term "drives" only that respective nuclide's activity. The activity vector a leads to the count rate vector via the efficiency-yield
(abundance) product matrix ¥

gy 0 0
Y= 0 ¢y O0
0 0 &7

For background on the linear-systems approach, see [3] or [4]. The mathematical model for the time-dependent response of a
rectangular-window (RW) moving-filter continuous particulate air monitor is then given by the matrix-exponential multiple
integrals:

vt @t L I
a,, (t<T) = i[ J I MBu()drdx + J. J. eA“’)Bu(z')drdx}; 4-1)
0 ’*;_ vt &0
o, =T)= % '[ I e Bu(r)drdx ; (4-2)
0 oJi-=
. G® ws)
CRW(t):‘Pukw(t): Cz(t) -
(1)

where a is a vector of decay-chain nuclide activities, disintegrations min’'; # is the time, min; 7 is an integration variable; ¢(y) is

a vector of time-dependent monitor net count rates, counts min’l; x is the horizontal distance within the RW detection and
deposition window, cm (inches); L is the length of RW deposition and detection window, cm (inches); v is the filter or tape
speed, cm h'! (inches h'l); T is the transit time (L /v), h; A is the system transition matrix; B is the source allocation matrix; u is
the source (air concentration) vector; ¥ is a matrix of detection efficiency-abundance products; 4; is the nuclide i decay
constant, h™'; ; is the branching ratio to nuclide i from its immediate parent; Q; is the concentration of nuclide i in air, Bq m™
(nCi cc'l); k is a units reconciliation constant; F is the monitor flow rate, m® h™' (ft3 min'l); ¢ is the product of the filter
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collection and retention efficiency and line-loss fraction (this parameter could be subscripted on nuclide); ¢; is the detection
efficiency, counts per emission, nuclide #; y; is the emission abundance, emission per disintegration, nuclide i.

This model is the extension to decay chains of the RW model reported in [1]. As discussed in that reference, the fundamental
idea is to consider the moving-filter medium in the deposition window to be comprised of differential areas, each of which is a
fixed filter for the length of time it is exposed in the window. The ODE system describes the variation of the activity on each
differential element, and these elements are then integrated across the RW geometry. It can be shown that the circular-window
(CW) case is covered by using the length

16R
L. = , (4-4)
ow =S

where R is the radius of the circular deposition window, in any solution to (4-1)-(4-3), as was shown in [1]. Note that the top-
of-chain (first) nuclide's solutions from (4-1)-(4-3) will be the same as those developed using the scalar integrals in that
reference, since the progeny do not affect their precursor nuclides.

Results

Example count rate solutions

Moving-filter monitors have two responses: the first, for time (#) less than the "transit time" (7), and the second, for time equal
to or after the transit time. The transit time 7T is the length of the deposition window divided by the filter (tape) speed. The
response is continuous across this time boundary. Time is measured from the start of the concentration transient. A zero initial
condition is assumed in the count rate solutions; this condition refers to the lack of any fission products (FP) on the filter at
time zero. However, radon-thoron is often present at time zero, and must be accounted for; more on this below.

In the case of a constant concentration the count rate for the first nuclide in the 3-chain for ¢ < T will be:

“ ) EMKF 90, oy t oy -
c1<t)=ﬂ1HL(m—1+M )+ (1-2)(1—%1 )}, (4-5)
and fort>T,
¢, =ankreg {1— V[1—e‘ﬂ“5ﬂ- (4-6)
p) AL

For the second nuclide in the chain, for ¢ <T,

G, = GYALLE L) 72kF(pQ2{v(ﬂqt—1+e‘9’)+(1—‘2j(l—e‘2’) }

4 AL
ﬂ _ e Mt v _ e 4-7)
& 7kFpon, AL A vA GRS
/7'2_/7'1 _Lt ﬂz—ﬂl 3 e*’qﬂ e—ﬂgt :|
O e e e
and for t > T,
(o)
Cz(t) :éml} - v[l —eﬂqfﬂ + &E1LkFQO N, AL . (4-8)
% AL A (%~ 4) [ [ “j J
= A o—|1-e v |-1
AL
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Note that both ¢ > T solutions are constants. The third nuclide’s solution is algebraically cumbersome and not of direct interest
here. It is not needed for the present work, but in passing it may be useful to observe that setting v = 0 in the t < T solutions
will yield the fixed-filter count rates for that situation.

If the nuclide of interest is "long-lived" (LL), that is, if its decay during the period of analysis is negligible, then the ¢ < T
responses can be shown to be

. v’ }

Cl(t):e‘l;/lkF¢Q{t— 2L]’ (4-9)

2
Cz(t) =g, 7’2kF¢Q2(t — i ], (4-10)

2L

and fort > T,
C(t) =& y,kFpQ, L, (4-11)
2v

S o) = L (4-12)

C,(t) =& kFpQ, > :

These LL results are found by taking the limit of the respective solutions as the decay constant approaches zero. The count rate
for the "top-of-chain" nuclide is the solution that would be used for any single-nuclide situation. The matrix solution is not
necessary to analyze a single nuclide (no decay chain), but there is considerable interest in the 3-chain for radon-thoron, so the
matrix formulation will be used, for consistency.

Concentration estimation mathematical basis

Varying the filter speed in a computer-implemented solution to (4-1)-(4-3) showed that increasing this speed led to an apparent
proportionality between the count rate for the top-of-chain nuclide and its non-constant concentration. At the nominal 2.54 cm
h" (one inch h™") used in RW monitors, this proportionality is not present. Consider Fig. 4-1, where the count rate traces
approach the shape of the concentration only as the filter speed becomes large. At the 2.54 cm h' (one inch h™') rate, that is, the
way in which these monitors are usually operated, there is no evident relation between the count rate at any time, and the
concentration at that time. In Fig. 4-2 is an expanded view of this situation, and it is seen that the 152.4 cm h™' (60 inch h™)
count rate shape is nearly identical to that of the concentration.

3000 L
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€ Q L
g € 1500 |-
[ o L
T 1500 | ] 8 i
= = L
c L
3.l 3 1000 -
O1000j *
500 - ] 500:—
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Figure 4-1. Count rate vs. time, for several filter (tape) speeds (2.54, 7.62,  Figure. 4-2. Expanded-scale version of Fig. 4-1, with 152.4 cm ™' (60 inch I
25.4, 76.2, 127 cm h™'). The exponential concentration Q(t) was scaled to fit !) instead of 127 cm h™'(50 inch h').

on the count rate axis. The nuclide is *'I, as an example of a fission product

to be measured.
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Fig. 4-3 makes the situation very clear, with still more zoom into the start of the transient. All the filter speed responses miss
the initial rise of the concentration, but the 152.4 cm h™ (60 inch h™") trace follows it closely after an initial delay of about two
minutes. This delay is the transit time 7 for this monitor at this speed (L = 5.08 cm, or 2 inches); by contrast, at the nominal
2.54cmh’ (one inch h"l) filter speed, T is about two hours.

600 [

500 -

N
8

Q)

Countrate(cpm)
nN w
8 <]

3

16 18 20 22 24 26 28 30
Time (min)

Figure 4-3. More-expanded version of Fig. 4-1. The 152.4 cm h™ (60 inch
h') count rate tracks the concentration, after its transit time of two
minutes.

Seeing this apparent proportionality, empirical numerical experiments were conducted to find a constant of proportionality so
that dynamically-varying count rates could, perhaps, be converted into dynamically-varying concentration estimates. This
constant turned out to be a particular collection of instrumental parameters, that is, parameters whose values would be known
(measured) for a given instrument. The proportionality did not depend on knowledge of parameters that would only happen in a
simulation context, e.g., the rate of decrease of an exponential concentration transient.

It was then found that expanding the RW count rate solutions, symbolically obtained, in a Taylor series in the filter speed v
produced this same proportionality constant; it was the first-order term in the series expansion. To illustrate, consider a
concentration behavior of simple single exponentials. This leads to the source definition

Q] e*rlT
u=|0,¢" |kFo,
Q3 e*l‘} T
where r; is a rate constant controlling the exponential time-dependence of the concentrations. Note that the time variable in this
source vector u is 7 rather than ¢, in order to be integrated correctly in the monitor response model. When the ¢ > T solution

(4-2)-(4-3) for this system is expanded in a Taylor series in v about infinity, or, in effect, the reciprocal of v about zero, the first
three terms (the fare collections of factors that need not be presented here) are:

QegnkFoL " Qle_m€171kF¢(r1_ﬂl)L2 + Qle_mq7/1Fk¢(”1_ﬂ'1)2143

C ()=
10 X - 2
ce Qe enkFoL o (@O £:(0.0)8 (4-13)
2 2 6v° 247’
ce Qe ankFoL o fa(@ Q)0 £u(0,0,0)0
3 2 6v° 247’
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This is a remarkable and unexpected result, namely, that the concentration behavior for each nuclide in the decay chain is
returned in the respective first-order term, multiplied only by known parameters. This result would not be especially obvious
simply by examining the count rate solutions. For the first nuclide in the chain, the count rate expansion can be written as:

| W[ L AP AT 14
Cl(tZT) ~ el%kF¢Q1€' 2_V + 16v2 + 124v3 . ( )

From this and the other components of (4-13) it is seen that, when the second- (and higher-) order terms are negligibly small,
the concentration of nuclide i can be estimated by

G.(1)
Q= 7 12T,
gi}/ikF¢7
2v

(4-15)

This is the principal result. Replace L in (4-15) with (4-4) to use this estimation procedure for CW monitors; a Taylor
expansion similar to (4-13) can be shown to produce this expression, for the analytical CW ¢ > T model [(1-13), with the
scalars replaced by matrices]. Note that the transit time 7 is small, i.e, a few minutes, when the filter speed is fast. It is
sometimes assumed that (4-15) holds for any RW monitor, at any time, but this is not the case; the estimator is only meaningful
when the filter speed is fast enough to permit the use of only the first term in the expansion, and then, only after the transit time
T. In fact, (4-15) would only apply, for the nominal filter speed situation, if the nuclide was LL and its concentration was
constant and the time was greater than 7.

The simple exponential used in (4-13) is only one of many possible Q(t) behaviors; several combinations of exponentials, as
expected in most compartmental monitoring situations (see [5]), were checked with the expansion, and the result is consistent;
the Q(t) is returned in the first term, multiplied by only instrumental (known) constants.

To verify that this relation (4-15) does produce reasonable concentration estimates, consider Fig. 4-4. This is an exponential
concentration "spike" that abruptly rises and then decreases smoothly. Again it is seen that the nominal 2.54 cm h™' (one
inch h™) filter speed trace does not look anything like the concentration trace. As the filter speed increases, the agreement
becomes better, and at 152.4 cm h'* (60 inches h"l) is nearly identical.
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Figure 4-4. Concentration estimates for filter speeds (cm k™) Figure 4-5. Concentration estimates for filter speeds (cm k™)
indicated. The traces for 76.2 and 152.4 cm h™ (30 and 60 inches indicated, for a slower transient than in Fig. 4-4. The traces for
h') are very close to the concentration curve Q(t). The nuclide is 76.2 and 152.4 cm b (30 and 60 inches  h') are very close to
again 1. the concentration curve Q(t). The nuclide is "*'I.

Figure 4-5 is another example of concentration estimation using (4-15), for a more slowly-increasing concentration profile.
Again, the 2.54 cm h' (one inch h") trace has no apparent relation to the concentration, while the 152.4 cm h' (60 inch h™)
trace is nearly identical to it.
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It might be expected that there would be some negative aspect to this good tracking ability at high filter speeds; this turns out to
be a significantly reduced count rate. Consider Fig. 4-6, which shows the count rates for the same situation as in Fig. 5. The
2.54 cm h™' (one inch h™) trace is by far the highest count rate, but this has no use in estimating the concentration. Clearly, the
count rates are decreasing significantly as the filter speed increases.

Countrate(cpm)

Time (min)

Figure 4-6. Count rate variation with filter speed; same cases as Fig. 5.

Fig. 4-7 shows the variation in count rate as a ratio to the count rate at the nominal 2.54 cm h' (one inch h™). It can be shown
that this ratio of the count rates for constant concentrations at two filter speeds is

&
AL+ vz[e

n
J (4-16)

AL+ vl[e

At '
L 1}

This gives an idea of the magnitude of the count rate reduction; for LL activity the ratio is v; / v,. Time-dependent
concentrations will affect this ratio; since there are many possible time-dependences, a constant concentration was used in the

figure.
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Figure 4-7.  Count rate reduction vs. filter speed, for constant

concentrations. The ratio is to the 2.54 cm h™ (one inch h™') count rate.
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One potential benefit of the count rate suppression at faster filter speeds is the reduction of detector saturation that can occur
with higher levels of airborne particulate radioactivity, in post-accident situations. Another benefit of this count rate reduction
is the suppression of radon-thoron interference. The radon-thoron count rate is significantly reduced at the higher filter speeds.
Since a low-level detection capability is not desired, the radon-thoron suppression would not be of interest, except that there
may be situations where a monitor is directly sampling outdoor air, with a full burden of radon-thoron, while at the same time
"looking for" fission products. Reducing the interference from radon-thoron can help, in that situation. Fig. 4-8 shows the
reduction as a function of filter speed.
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Figure 4-8. Reduction of total (six nuclides) radon-thoron count rate with
filter speed. The dotted line is an approximation based on first-order terms
from (4-13). Constant concentrations at 3.7 Bq m™ (107" uCi cc”) for the

radon chain, and 0.037 Bq m™ (1072 uCi cc™) for the thoron chain.

An intuitive way of looking at this fast-filter-speed approach is that the rapid removal of deposited activity from the detector
window means that the monitor becomes almost “memoryless” and is responding mostly to the activity that is freshly deposited
on the filter. That activity, in turn, is going to be more representative of the current level of the changing air concentration. This
reasoning also applies to the decay chain progeny, which have a response driven almost entirely by the air concentration, and
little from the “ingrowth” of their precursors. The latter activity is, again, removed from the detector’s view relatively quickly,
so that most of what the detector sees is activity that is recently deposited, from the air.

Discussion

Higher-order terms

The issue of deciding when the filter speed is "fast enough" will be decided by the second-order terms in the expansion. When
these terms are numerically small, the respective first term for the concentration calculation is used. For many fission-product
monitoring situations there is concern only with the first nuclide in the chain; the second-order term for this nuclide, from
(4-13), is

Qg }/lkF¢(r1—ﬂ|)L2 .
6V’

Here the concentration is a simple exponential, but it can be any function of time. The magnitude of this term is primarily
dependent on the concentration; the decay constant; the filter speed, with the other parameters being fixed, for a given
monitoring application.

As a special case, consider a constant concentration of LL activity. Then r; will be zero and 4 will be very small, approaching
zero. Then this term essentially vanishes (as do any higher-order terms), and all that remains is the first term. But the first term
would then be identical to (4-11), as would be expected. Examination of the higher-order terms for the progeny will reveal that
these terms all have the respective decay constant as a multiplicative factor. Thus, for constant-concentration, LL progeny
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activity, (4-12) for the second nuclide, and a similar expression for the third, will apply, and these are the respective first-order
terms in (4-13).

This mathematics says that the progeny count rates, under these rather restrictive conditions, will be driven only by their
respective air concentrations. Relaxing the constant-concentration and LL restrictions, these expressions will still apply,
approximately, but now only at high filter speeds, since that speed v appears in the denominators and thus the higher-order
terms decrease to insignificance relatively quickly.

To illustrate, consider Fig. 4-9, which shows the magnitude of the second-order term for the top-of-chain nuclide, for some
typical monitor parameter values (monitor flow rate F, 8.5 m>h' or 5 ft} min’!; detection efficiency ¢, 0.4; emission abundance
y, 1.0; collection efficiency ¢, 0.7), for constant 31T concentrations of 3.7,37,370 Bq m> (10'10, 10'9, and 107 pnCi cc’l), left to
right. The higher concentrations require a faster filter speed to attain a given size of the term. Figure 4-10 shows an expanded
view, for 137Cs, which of course is a LL nuclide of considerable interest. Here the second-order term is small even at relatively
slow filter speeds.
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Figure 4-9. Magnitude of the second-order term in the series expansion vs.  Figure 4-10. Magnitude of second-order term in expansion vs. filter speed for
filter speed. Constant concentrations of "'I indicated, in Bq m™. The dashed ~ 'Cs. The concentrations are as indicated, in Bq m™.
lines are "’Cs at the same concentrations.

Concentration estimation uncertainty

It will be useful to have some idea of the uncertainty in these concentration estimates. Using the first-order term and
considering the top-of-chain nuclide, the concentration estimate is

Q (CI + Cbkg + CRnTn) - C[)kg - CRnTn

1

bl

L
8,71kF(pE

where Cbkg is the ambient background count rate, assumed constant, and C'Rm is the efficiency-weighted sum of the count rates

for the six radon-thoron nuclides; spectroscopy is not assumed. The quantity in parentheses is of course the “gross” count rate,
as observed. The radon-thoron air concentrations are assumed known, and, for now, constant, although the model can handle
time dependences such as a diurnal variation. Recall that the radon-thoron count rate is significantly suppressed at the higher
filter speeds used here (Fig. 4-8).

In the model implementation, the monitor count rate is sampled every five seconds (i.e., the deterministic count rate mean from
the model solution is multiplied by that digital time step) to get the mean number of counts in that sampling interval. That
mean value is then used to draw a random sample from a Poisson distribution, to get a "noisy" number of observed counts in
the digital register for that time step. That noisy data is then processed with a fixed-gain (6) exponentially-weighted moving
average (EWMA) variance reduction ("smoothing") algorithm, discussed in [6]; the output of that process is divided by the
digital time-step to get a count rate estimate.

4-9
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Consideration of the variances in this process, ignoring for now the uncertainties in the instrumental parameters, will show that,
when a calculated value is used for the gross count rate, the estimated standard deviation for the concentration will be

0
(2-6)Ar L - : ;
O-Q = —L 87’/{F¢72_ Q, + Cbkg + CRnTn
Eku(DT v
1%

4-17)

while for the case where the gross count rate is directly observed, which it would of course be in practice, as opposed to a
simulation, then

0
(2-6)Ar  — (4-18)
O-Q = —L Cgr().\'.\' .
£7kF(p2—
1%

The factor involving 0 represents the variance reduction of the EWMA processing; see [6] and [7] for more information on this
subject.

These expressions assume that the background and radon-thoron count rates are "well-known" and so have negligibly small
variances (i.e., they are not observed during the concentration measurement); they are assumed to be, in effect, constants. In
Fig. 4-11 is a plot showing the approximate 95% "confidence band" around the known concentration of '*'I, at a filter speed of
152.4 cm h™' (60 inches h™). The jagged line shows the time-dependent concentration estimates; there are 2400 of them (200
minutes at 5 seconds per sample), and a direct count shows a fraction of 0.026 above the bound, and 0.031 below the bound.
Ideally both would be about 0.025 for an approximate 95% interval.

200 —m—m8m ————m—————————————

— 150

100

(5]
(=

Concentration (Bq m3

I L L L I L I L 1 L I 1 I I L I
0 50 100 150 200

Time (min)

Figure 4-11. Estimated concentrations, with approximate 95% "confidence
band." The nuclide is "*'I, and the filter speed is 152.4 cm h™* (60 inches I
!). The EWMA parameter 0 is 0.2.

In Fig. 4-12 is a plot of relative error in the concentration estimate as a function of filter speed, at several (constant)
concentrations. Since the variance of the gross count rate depends on the radon-thoron, and the latter varies with filter speed,
some approximation must be used for that variation. Numerical experiments showed that, as indicated in Fig. 4-8, a function
that is just a constant (about 48; see (4-19) below) divided by the filter speed is a reasonable approximation, at least at the
higher filter speeds of interest; more than, e.g., 50.8 cm h™' (20 inches h™).

4-10
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uCi cc’), top to bottom. The higher concentrations have better relative

error, as expected.

Smallest practical concentration

A reasonable question is to ask what is the lowest concentration that can reliably be measured, given a filter speed, and the
background, and radon-thoron air concentrations. While for this monitoring approach minimum detectable concentrations
(MDC) are not of interest in the usual way (i.e., for very low levels), it would still be useful to have at least an order of
magnitude idea of when this fast-filter-speed method will work.

An important part of this calculation is the radon-thoron count rate. The model (4-1)-(4-3) provides solutions for chains of any
length; since the radon and thoron chains do not interact, it will be simpler to treat them as 3-chains, separately, and then sum
the results, as opposed to constructing a six-dimensional system. When the expansion (4-13) is done, the result for constant
concentrations, using only the first-order terms is:

kFoLE 48(60 2880
2 Z VAV ( )2_’ (4-19)

RnTn 2 v

where v is in cm h™', the monitor flow rate F is 8.5 m® h! 5 ft’ min'l), the window width L is 5.09 cm (two inches), and the
remaining parameters have nominal values; with SI units the reconciliation factor k is unity. The air concentrations are at 3.7
Bq m” for radon and 0.037 Bq m™ for thoron (10'% and 10> uCi cc™). The count rate is in counts per minute. Next, consider
the expected variation in the sum of the ambient background and this radon-thoron count rate. This will give

[ - 2880
\/(z-e)m( e ]

Then, again using the first-order approximation for the fission-product (top-of-chain) nuclide,

L -
Crp = Epp 7”’”(”3 O (4-21)

This count rate will be some multiple £ of the variation in the background. Then

CFP > ﬁ O-bkg ’
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so that, solving for the concentration,

0p=——2b o, (422)
Epp VipkF QL

or, more explicitly, with vin cm h™" and the digital time step Az in minutes,

QFP = Vﬂ o (Chkg + 2880) ’ (4_23)
30 & Vin kFoL \(2-6) At v

This variation with filter speed turns out to be essentially linear, and calculation for nominal parameter values suggests that at
152.4cmh’ (60 inches h'l) a reasonable minimum concentration would be around 37 Bq m” (10'9 pCi cc'l).

Conclusion

Numerical experimentation conducted while developing the extension of a moving-filter mathematical model to include decay
chains revealed that the monitor count rates appear to closely track the time-dependent shape of the input air concentrations, if,
and only if, the moving filter (tape) speed is much faster than the 2.54 cm h™' (one inch h™) or so that is usually the case. That
is, operating moving-filter continuous particulate air monitors at that typical filter speed does not provide a quantitative
measurement of a changing air concentration of a fission product or other contaminant.

At the faster filter speeds, e.g., 76.2 or 152.4 cm h™ (30 or 60 inches h™), the count rate trace has essentially the same shape as
the concentration profile. A quantitative relation, namely (4-15), between the monitor’s net count rate and a nonconstant
concentration only applies when the filter speed is sufficiently fast that a Taylor series expansion of the monitor count rate can
be reasonably well truncated at the first-order term. This mode of operation, which does not require any new monitor hardware,
is capable of tracking rapidly-changing concentrations.

Since the fast filter speed also reduces the monitor’s count rate, all else being equal, then the approach will best be used for
relatively high-level concentrations, such as may occur in abnormal or “accident” conditions. The count rate suppression could
be useful for reducing detector saturation that can occur with higher levels of airborne particulate radioactivity, in post-accident
situations. Radon-thoron interference is also suppressed, which should be useful in those applications where ambient air is
being monitored.

This new concentration tracking ability, as opposed to a simple just-above-background alarm function, could be of use for
personnel protection in accident recovery efforts. Consider a situation where a worker opens a valve, and a rapidly-changing,
high-level air concentration of one or more fission products results. It would be valuable to have an estimate in essentially real
time of the level of this concentration, and, just as valuable, to know when it had decreased to a safer level. When operated at
the slow typical filter speed, a short pulse of activity will produce an elevated count rate response long after the concentration
has decreased, as in Fig. 4-1. At the faster speed, the concentration tracking is far better.

A negative aspect of this concentration tracking ability is that the filter tape will of course run out much faster than at the
nominal speed, e.g., in perhaps a day rather than a month. However, if the monitor is only used at the fast speed during unusual
working situations, namely, when it has been anticipated that there is the possibility of a rapid release of particulate airborne
radioactivity, then this tape usage should not be a major issue, since these situations should not be routine. The ability to track
rapidly-changing, high-level air concentrations in nearly real time would in any case readily justify the use of more filter tapes.

A useful future development would be a continuous filter tape that runs in a loop, so that the deposited activity would be
removed by some means, after leaving the deposition and detection window, and perhaps collected for laboratory analysis,
while the "erased" filter tape continues to move around in the loop at the (relatively) high speed necessary for dynamic tracking
of rapidly-changing concentrations.

4-12



Particulate Air Monitoring Mathematical Sourcebook

References

[1] W. C. Evans, "Mathematical models for the dynamic response of continuous particulate air monitors," IEEE Trans. Nucl. Sci., vol. 48, pp. 202-218, 2001.
[2] W. C. Evans, "Quantitative methods for continuous particulate air monitoring," IEEE Trans. Nucl. Sci., vol. 48, pp. 1639-1657, 2001. Chapter 2.

[3] G. A.F. Seber and C. J. Wild, Nonlinear Regression, New York: Wiley, 1989.

[4] D. H. Anderson, Compartmental Modeling and Tracer Kinetics. New York: Springer-Verlag, 1983.

[5] W. C. Evans, "Concentration dynamics modeling for continuous particulate air monitor response prediction," [EEE Trans. Nucl. Sci., vol. 49,
pp. 2574-2598, 2002.

[6] W.C. Evans, "Digital count-rate estimation using adaptive exponentially weighted moving averages," Trans. Am. Nucl. Soc., vol. 32, p. 133, 1979.

[7] D.C.Montgomery and L. A. Johnson, Forecasting and Time Series Analysis. New York: McGraw-Hill, 1976.

4-13



Particulate Air Monitoring Mathematical Sourcebook

Chapter 5

Incorrect Interpretation of Moving-Filter
Countrate Responses

Health Physics, 104(4), April 2013, 437-443

The graphs supplied by the vendors of moving-filter continuous particulate air monitors (CPAMs) in their
sales literature show linear curves on a log-log scale, with net countrate on one axis and concentration on
the other. The implication is that the monitor user is to read the concentration from the graph, given an
observed net countrate, at any time. For the nominal filter speeds commonly used for these monitors, using
the graph in this way is incorrect. The graphs do not state the limitations of the calculation: (a) the nuclide
measured must be long-lived; (b) the concentration of that nuclide in the sampled air must remain
constant; (c) the reading of the net countrate must be obtained after a specific time, called the "transit
time." This time is typically on the order of several hours. Reading the net countrate at any time earlier
than this will result in an incorrect concentration estimate. Given that a major purpose of a CPAM is to
alert plant personnel to a change in airborne radioactivity concentrations, by definition when this happens
the concentration is not constant. Thus, using the supplied curves will result in an incorrect estimate of that
concentration. The solution is to use instead a fixed-filter CPAM and a previously-published quantitative
method. With this approach there is no need to attempt to estimate a concentration, much less to assume
that it is constant over long periods of time or that it can only change in a stair-step manner. With this
alternative to a moving-filter CPAM a signal proportional to the time-integrated DAC-hour worker intake
can be generated continuously, for any time-varying air concentration, including the sums-of-exponentials
shapes expected during transient events in compartmental systems.

Introduction

CONTINUOUS PARTICULATE AIR MONITORS (CPAMs) are installed in nuclear power stations as part of the plant
radiation monitoring system (RMS). There are two main types of CPAMs: fixed-filter, and moving-filter.
Applications include occupational exposure control, process control, effluent monitoring, and reactor coolant
leakage detection. Which type of CPAM to use for a given application in the plant is a matter of engineering
judgment, since there is no relevant regulatory, nor standards, guidance on the subject.

To understand the current situation, some historical perspective will be useful. The engineers working at an
architect/engineering (A/E) firm in the 1960s and 1970s, when the nuclear power stations operating today were
designed, needed to specify air monitors for new plants. The engineers sent out letters to RMS vendors requesting
information on the systems being offered, and what the vendors sent in return was all the data on these systems the
engineers had to work with. There was little to nothing in textbooks or the published literature at the time on the
technical performance characteristics of these monitors, as applied in the nuclear power industry. Also, the
mathematical modeling of CPAMs, especially with regard to the development of quantitative relationships for these
devices, was not part of the technical education of nuclear engineers or health physicists.

The A/E engineers were not in a position to design their own monitors, even if they somehow had obtained the
necessary background; instead, they wrote performance specifications that could be met by instruments on the
market at the time. These specifications were in turn based on the vendor information and the engineer's
understanding and interpretation of the relevant regulatory requirements (which were not, and still are not, clearly
defined). For their part, the vendors, in their sales literature, provided "calibration" expressions or curves which
were presumably to be used to establish the quantitative relation between the monitor's net countrate and a
concentration in the sampled air. Figures 5-1 and 5-2 show actual examples of these graphs. Other vendors provided
calculations, such as shown in Fig. 5-3, taken from a vendor sales catalog, also of this time period.
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Fig. 5-1. Example CPAM “sensitivity” graph; vendor A, from time
period of mid 1970s.

The detector sensitivity for any system can be determined
by applying the following formula:
C/M/hr = YRA x 3.74 x 10"
Where C/M/hr = Count build up per hour of collection.
¥ = Yield expressed in percent.
R = Pumping rate in CFM.
A = Activity in microcuries per cc.
3.74 » 10" = Constant of proportionality.

As an example, assume the following conditions:
Using an SC-2B Beta Scintillation Detector with a 20%
yield, 5 cfm pumping rate, and a concentration of activity
of 10" uc/cc, applying the above formula we find:
C/M/hr = YRA x 3.74 x 10"
C/M/hr = 20 x 5 x 10 x 3.74 x 10"
C/M/hr = 274 C/M

For a moving filter system, where filter transit is involved,
the equation becomes:
C/M = YRAT x 1.37 x10"
Where Y = Detector yield, in percent.
R = Air flow rate, in cfm.
A = Activity in microcuries/cc.
T = Transit time, in hours.

Fig. 5-3. Example CPAM “sensitivity” calculations; vendor C, from time period of mid 1970s.

The vendor materials that were provided to the A/E design engineers clearly implied that, for a moving-filter
CPAM, the user was to take the net countrate, presumably at any time, enter the graph for a given isotope, and then
read off the presumably currently-existing concentration of that isotope in the sampled air. The implication was that
moving-filter monitors could estimate concentrations directly. It has subsequently been shown that this is not the
case, for the filter movement speeds typically used, i.e., 2.54 cm h™ (1.0 in hr''") or in some cases even less.

To illustrate the false impression that existed concerning the capability of a moving-filter CPAM, three examples
follow, taken from documents of this time period. First, a draft specification from a major A/E firm for a RMS,
which stated in regard to an "atmospheric monitor" (emphasis added):
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“Filter Movement: A combined fixed-filter and moving filter mode as desired, in order to enable selection of
either a presentation of accumulated data or current data.”’

This implies that a fixed-filter monitor provides the concentration integral (accumulated data) or a moving-filter
provides the concentration itself (current data). The first is correct, the second is not. A second RMS specification
draft from this A/E firm mentions “Integrating samplers” as opposed to “Differential samplers” (in context,
"sampler" here is "monitor").

The implication is the same: that moving-filter monitors provide a real-time concentration estimate. The third
example is from a published paper [1]:

“6.6 Alarm samplers

Alarm air samplers give an audible and/or visible warning when levels of airborne contaminants exceed preset
values. The sampler therefore includes its own monitoring equipment. There are two basic types[,] which
measure either the concentration or the exposure (concentration times time). The latter is more common and
generally consists of a single filter viewed by a detector. Measurement of concentration usually requires a
moving strip of filter paper.”

These examples illustrate what might be called "negative knowledge" that existed, and presumably still exists, in the
nuclear power industry. Negative knowledge occurs when someone believes they understand something, but it turns
out that what they believe is incorrect. In this case, A/E engineers and others apparently believed, based on the
vendor sales literature, and absent any information to the contrary, that moving-filter monitors estimated
concentrations in real time, and so with this (mis)understanding these devices were specified for various applications
in nuclear power stations.

The primary purpose of this note is to ensure that this negative knowledge is not propagated into any future nuclear
power station designs, and to provide a more mathematically-sound alternative.

Moving-Filter Sensitivity Graphs

Monitor "sensitivity" graphs such as Figs. 5-1 and 5-2 do not disclose the mathematical equation(s) being graphed. It
can be inferred, however, that since there are straight lines in log-log space, the relation must be a power function.
Examination of the curves shows that the slope is unity, so that the power is one. The simplest function, then, would
be linear with a zero intercept, or something of the form

0=al().

with a a constant (often termed the "calibration constant"), Q the time-dependent estimated concentration, and

C (t) the net, time-dependent monitor countrate. In Evans (2001a) these equations for the monitor countrates are

derived:

CRW(tZT)zgku¢QO%, (5-1)

8R
3zv

; (5-2)

Coy (t>T)= EykF ¢Q,

where the parameters are as follows: RW is a rectangular-window deposition area, and CW is circular window; L,
length of RW deposition window; R, radius of CW deposition window; v, filter (tape) speed; 7, transit timel; Qo,

! This is the time required for a differential area element to completely traverse the deposition area, i.e., for RW, L/v; for CW, 2R /v.
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constant concentration of nuclide in air; &, units reconciliation constant; F, monitor flowrate; ¢, collection/retention
efficiency and line-loss fraction product; y, emission abundance; £ , average detection efﬁciency.2

As is seen in [2], a considerable amount of mathematics is needed to arrive at these relatively simple expressions. In
the absence of further information it will be assumed that these expressions are used to create the "sensitivity"
graphs for moving-filter monitors. In fact, reverse-engineering actual vendor graphs, such as those in Figs. 5-1 and
5-2, using these equations produces plausible values for the detection efficiency, providing some assurance that
these are the equations being graphed.

Returning to (5-1) and (5-2), the inversion to solve for the constant concentration is trivial, and these expressions are
linear. That is, the limiting, constant ¢ > T countrate and the constant concentration are related by a multiplicative
factor that consists of known instrumental parameters:

0,= liL Cry (12T (5-3)
EYkFop—
2v
Qoz 1 SR CCW (tZT). (>-4)
EYKF ¢ —
R¥/ A%

Then in log-log space these functions, having zero intercept, will graph as straight lines with unity slope. The
“calibration constant” « is the reciprocal quantity in (5-3) or (5-4), as appropriate for RW or CW, respectively. It is
of interest to note that the only parameter in (5-3) or (5-4) that needs to be empirically estimated during the monitor
calibration is the average detection efficiency, although some presumably conservative value must also be assumed
for the line-loss parameter ¢.

Vendor Graph Omissions

In order to derive (1) and (2), a number of assumptions had to be made. The graphs in Fig. 5-1 and 5-2 do not reveal
what the limitations of these expressions are. In fact, these graphs have the following problems: (a) they do not
specify RW or CW; (b) they do not provide the parameter values important to the calculations (R or L, or v); (c) they
do not explain what is varying across the different lines for the several nuclides; (d) they do not explicitly state the
transit time; (e) they do not explicitly state the restriction to long-lived nuclides;’ (f) they do not explicitly state the
restriction of the reading to times after the transit time T; (g) they do not explicitly state the restriction that the air
concentration must remain constant over the entire transit time.

As for the calculations shown in Fig. 5-3, there are similar problems: (a) there is no derivation of the expressions
used; (b) there is no derivation of the constant values used; (c) there is no reference to the literature as to where these
expressions came from; (d) there is no statement of the assumptions, and thus limitations, of the calculations, similar
to those listed above for the graphs. The moving-filter calculation shown is equivalent to (2) since this vendor’s
monitors were CW.

These graphs/calculations are for the limiting (or some would say "equilibrium") constant countrates attained for a
constant concentration after the transit time, which, for the nominal filter speeds commonly used, is about two hours.
The user cannot enter these graphs at any arbitrary time and read off a possibly time-dependent concentration; that is
incorrect and a misuse of the monitor. The "quantitative method" (QM) in Figs. 5-1 to 5-3 is never explicitly stated,
but implicitly consists of waiting for the transit time, with a constant concentration existing over that time, and then
reading the attained constant net countrate.

2 This is developed using the geometric efficiency averaged over the deposition window, for a given circular detector height above the plane of
deposition. It can be demonstrated that using this average geometric efficiency produces a response within a few percent of that obtained using
the explicit, position-dependent geometric efficiency. The latter response is not tractable analytically, and must be obtained numerically.

It is the case that similar lines can be drawn on the graph for short-lived nuclides, e.g., ®Rb. However, the equations necessary require
knowledge of the mathematical models reported in [2], which was not available at the time these graphs were produced.
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The fundamental issue is that, in general, a moving-filter monitor countrate response model cannot be inverted to
solve for Q(t). See [2] for the mathematical background. For some particular Q(?) cases this might be possible, but
only if the parameters defining Q(t) are known. This would be most unusual. Therefore, there is no general way to
get from the observed output (countrate) back to an estimate of the input (concentration). It follows that the
simplifying assumptions of a constant concentration, and long-lived activity, and of using a reading only after the
transit time are necessary in order to provide some form of QM for these monitors. Again, these critical restrictions
are not stated in the example vendor materials shown in Figs. 5-1 to 5-3, nor in the accompanying written matter.

The transit time is an important parameter in the QM that is implicit in the graphs; it is by definition measured from
the start of the concentration behavior. Two example ways to know that the transit time has elapsed are: (a) estimate
the concentration start time (which is sometimes plainly evident) and then add the known transit time to this; (b)
statistically test the countrate for a zero slope after an initial positive slope, indicating the constant countrate that is
obtained after the transit time, if and only if the concentration is constant. These calculations are readily
mechanizable with modern digital processing, although more difficult for older analog systems.

A more correctly-labeled monitor "sensitivity" graph is shown in Fig. 5-4. However, a crucial point is that, when the
monitor is called upon to do its job, that is, indicating that the air concentration has changed, by definition that Q(t)
is not constant, but the monitor "quantitative method" assumes that it is constant, and so this method fails. The
simplistic conversion of countrate to concentration via the graph, even if better labeled, or, equivalently, via
multiplication by a “calibration constant,” is still incorrect, at nominal filter speeds.
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Fig. 5-4.  Simulated CPAM “sensitivity” graph with more
complete labeling, using (3) and units consistent with the vendor
materials in Figs. 5-1to 5-3.

Examples

If this incorrect conversion is done the estimates for, e.g., an exponential Q(#) will look similar to that in Fig. 5-5.
Clearly the concentration estimates are quite different from the actual Q(¢) profile. It has very recently been shown,
in [3], that the only way for this simple conversion to work correctly is when the filter speed is much faster than the
usual 2.54 cm h™' (1.0 in h™"); a faster speed is shown in Fig. 5-6. It is interesting to note that this new fast-filter-
speed approach does work the way the moving-filter misunderstanding would have it, i.e., an "instantaneous"
concentration estimate, but this is unfortunately of little use for normal operations, due to a countrate suppression
effect.
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In Figs. 5-7 and 5-8 are the ratios of the estimated concentration to the true Q(t) for an exponential and a constant Q,
for several filter speeds v. It is seen that the ratio is far from the desired value of unity unless the filter speed is fast.
Even for a constant Q (Fig. 5-8) a ratio of unity is only obtained after the transit time. The key is that the transit time
is short, i.e., a few minutes, at the faster filter speeds. As discussed in [3], the price paid for this tracking ability is a
reduced countrate, so that the fast-v method is only appropriate at higher concentrations.
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Fig. 5-8. Ratio of estimated to true concentrations for a constant Q.
The filter speeds are slower toward the bottom, with the two inner
lines at 5.08 and 12.7 cm h™. Note that even for a constant
concentration the reading is not correct until after the transit time.
Monitor parameter settings are the same as in Figs. 5-5 and 5-6.
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Qualitative vs. Quantitative Use

The issue raised here is that moving-filter CPAM countrate responses can be misinterpreted, but this assumes that
the device is being used quantitatively. That is, the monitor is taken to be a measurement device, having been
calibrated in some manner on an absolute scale of a physical quantity, usually the air concentration of a specific
nuclide. Note that this calibration does not consist of passing into the CPAM a known concentration of the nuclide
as a particulate suspended in air, but rather is done via a selected QM, such as those in [4]. As mentioned above, the
average detection efficiency must be experimentally measured as part of this QM-based calibration process; the
estimation of this instrumental parameter is a necessary, but not sufficient, condition for calibration.

By contrast, however, the CPAM could also be operated as a qualitative device, assessing only changes in the
countrate response (referred to as "trending"). In this case, no absolute-scale calibration would be necessary. The
trending idea is to use the monitor to, by some criterion, lead to the taking of "grab" high-volume air samples,
followed by laboratory analysis. Often the alarm or action level for this procedure is set just above the variation in
the CPAM background, and thus has no quantitative or regulatory meaning. The grab sample will then, after some
processing delay, lead to an estimate of the time integral of this changing concentration, which is then assumed to
remain constant at the level calculated in the lab analysis. For long-lived activity only, it can be shown that this level
will correspond to the average concentration in the compartment, averaged over the sampling interval. This average
does not, of course, include the concentration behavior during the initial, trending, time period. How this process of
“trend and grab” assists in controlling the intake of workers being actively exposed to a time-dependent air
concentration is not evident.

Regulatory Guidance

There has been little regulatory guidance over the years as to exactly how the installed CPAMs are to be utilized in a
power reactor health physics program. Notably, the issue of qualitative (trending) vs. quantitative (concentration
estimates) is not addressed in any regulatory position. Simply saying that [5, Chapter 12]

“The design objectives of the applicants’ airborne radioactivity monitoring system are (1) to assist in
maintaining occupational exposure to airborne contaminants ALARA, (2) to check on the integrity of systems
containing radioactivity, and (3) to warn of unexpected release of airborne radioactivity to prevent inadvertent
exposure of personnel.”

does not provide sufficient information to permit the design and specification of such devices, nor, importantly, how
they are to be used once installed in an operating plant. Regulatory Guide 8.8 says that the RMS can “give
information on the ... concentration of airborne radioactive material.” Stating that a system should "give
information" is not particularly helpful to a monitor design engineer, nor to an A/E design engineer, nor to a nuclear
power station health physicist. The single, rather hard-to-find regulatory CPAM performance specification is
quantitative: [5, Chapter 12]

“The monitoring system should be capable of detecting 10 DAC-hours of particulate and iodine radioactivity
from any compartment that has a possibility of containing airborne radioactivity and that normally may be
occupied by personnel, taking into account dilution in the ventilation system.”

“These airborne radioactivity monitors have the capability to detect [constant] derived air concentrations in air

(DAC) of the most restrictive particulate and iodine radionuclides in the area or cubicle of lowest ventilation
flow rate within 10 hours(s) (usually denoted as 10 DAC-hrs).”
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DAC-hour Criterion and its Ambiguity

DAC-hours were expressed as MPC-hours in the mid-1970s, and CPAMs were specified on this basis, including in
applications where this had no meaning (e.g., a BWR drywell monitor). However, it must first be recognized that the
units of DAC-hours are ambiguous, since they also apply for the time integral of a possibly time-dependent
concentration; this is of course related to the intake of a worker. It is not clear what health physics objective is met
by simply "detecting" a concentration that is assumed to remain constant for many hours, including 10 hours, a
longer time period than the usual 8-hour work shift. Also, as is well-known, detection (hypothesis test: has
something changed) and measurement (how much has it changed) are not the same thing; it is not clear which is
actually intended. Other regulatory guidance strongly implies the latter, i.e., measurement. For example, the
definitions section of 10CFR20 states:

“Monitoring ... means the measurement of ... concentrations, ... and the use of the results of these
measurements to evaluate potential exposures and doses.”

Clearly, there is no regulatory requirement to make these measurements of the air concentration instantaneously.
However, that fact does not establish that no one in an operating plant today attempts to do so. If health physicists in
nuclear power stations have devices, such as moving-filter CPAMs, that they truly believe could make such
measurements, presumably they will use them, and write their procedures accordingly. There is no regulatory
admonition not to do so.

Constant-Concentration Assumption

If A/E RMS designers were to attempt to show compliance with the 10 DAC-hr requirement, interpreted as a
measurement of a concentration within some time interval, for a moving-filter CPAM, and all the information that
was available to them was vendor materials such as in Figs. 5-1 to 5-3, there would be confusion, since these
materials do not mention time at all. At the nominal filter speeds used, there is a lag time of some two hours (for
some systems this could be as long as 8 hr) before the measurement is correct, and this is the case if, and only if, the
very stringent assumption of a constant concentration over this entire period is made. Thus one might infer that the
10 DAC-hr requirement could be interpreted as being met by a moving-filler CPAM "detecting”" a constant
concentration of 5 DAC at its two hour transit time. It is not clear of what practical use this is, since, again, when the
monitor is called upon to do its job of measuring a change in the air concentration, by definition that concentration
is not constant, at 5 DAC or any other level.

There is a logical inconsistency between the assumption of a constant concentration for the supposed QM and the
purpose of a monitoring instrument, that is, measuring a changing concentration. In spite of the "negative
knowledge" in the nuclear power industry, it is a fact that a moving-filter CPAM operated at the nominal filter speed
cannot measure a changing concentration. Again, one could then argue that it is not required to measure this change,
in essentially real time, but simply to indicate it (trend; countrate increase). However, these monitors were specified
and licensed as quantitative devices in the 1970s, at 1| MPC-hour, implying a concentration measurement in a finite
time, so that using them qualitatively today is inconsistent with their licensing basis. Such use perhaps could be
construed as a violation of licensing commitments, e.g., as stated in the plant FSAR.

It is important to recognize that existing regulatory guidance and vendor materials all assume that concentrations in
nuclear power stations can only change in a square-wave or stair-step fashion, that is, from one constant level
instantaneously to another constant level. This is, of course, not the case at all, since the plant buildings are
compartmental systems and the time-dependent concentrations during transient events in such systems are sums of
exponentials, as shown in, e.g., [6]. It is true that, at the design stage, A/E engineers assume a certain level of failed
fuel, and then propagate those fission products through the various plant systems, with some assumed constant low-
level leakage, to arrive at equilibrium air concentrations in the various compartments (e.g., equipment cubicles).
However, that constant concentration is essentially a background or interference and of no direct monitoring interest
in itself. What the CPAMs are there to do, presumably, is to detect changes in the air concentrations in the
compartments, above this baseline level. The question, not addressed in any regulatory or standards guidance, is
whether the CPAM is to quantify this change, or simply to indicate it, and, in either case, with what performance
requirements.
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The DAC-hour criterion assumes a constant concentration that must exist on a scale of several hours. This
assumption avoids the need to find the time integral of a time-dependent concentration. The purpose, presumably, is
to obtain an estimate of the intake of the workers in the area where this concentration exists. This estimate then
becomes a simple product of the assumed constant concentration and the time the workers are exposed, given an
assumed breathing rate. The basic approach is to, somehow, estimate that constant concentration and then to find the
intake estimate. The moving-filter CPAM log-log graph reading discussed above is one way to obtain a
concentration, but this estimate is incorrect unless taken after the several-hour transit time. It is not clear why this
would be a good radiological protection strategy, or why this constant-concentration assumption would be thought
to provide a reasonable estimate of worker intake while they are in all probability exposed to a time-dependent
concentration.

Fixed-Filter Alternative

There is an alternative to the moving-filter approach already in the literature. A continuous, real-time signal that is
proportional to the worker intake can be directly generated not by a moving-filter CPAM, but a fixed-filter CPAM:

F, CFF €9
Intake(&) = —Lrething _diution,

¢, (5-5)
L e /lj Cpp(0)dt
0

where £ is a time interval, 4 is the decay constant of the nuclide of interest, and J is a factor accounting for the
dilution of the concentration that exists in the worker compartment, if the particulates are observed in a common
HVAC duct. This is equation (1-21), with the dilution coefficient 6 added, and it shows that a fixed-filter monitor
can provide a time-dependent intake estimator, using the net countrate and integrated counts. The concentration
itself need not be constant; it can have any arbitrary time-dependence. There is no need to estimate the concentration
directly and there is no transit time delay. Note that for long-lived activity, the integral term becomes negligible, and
the intake estimate is proportional to the attained countrate.

Given that, using (5-5), a fixed-filter monitor can track an estimate of worker uptake in real time, without the
constant-concentration assumption, and without the wait until after a transit time, or without the delay involved with
a trend alarm and subsequent grab sample, it is not clear why a moving-filter CPAM would be used, in any manner,
for occupational personnel protection purposes. If dust loading is an issue, a step-advance fixed-filter monitor can be
used, with a rapid filter advance and re-initialization of the (5-5) calculation, on low flow* A step-advance can also
be used if there is a constant long-lived airborne activity, such that the fixed-filter CPAM countrate would increase
to unacceptable levels.

Conclusion

Several steps should be taken to resolve the issues discussed above. First, it should be made a standards or
regulatory requirement that vendor materials for all CPAMs should clearly and explicitly state the methodology, the
assumptions, and the limitations of the quantitative methods used in the devices. This is not the case today. Doing
this would presumably eliminate the misleading log-log “sensitivity” plots for moving-filter CPAMs that have been
around the industry since at least the 1970s. In fact such plots can still be found today, in vendor materials available
on the internet, and they are still improperly labeled, and continue to propagate the same false implication regarding
the monitor’s quantitative capability.

Second, a study should be undertaken in the industry to evaluate the extent to which the incorrect interpretation of
moving-filter CPAM responses discussed here might affect the radiological protection of nuclear power plant
workers. What should be evaluated are the prevalence, and consequences, of this mistaken belief, in today's
operating plants. Also, possible operational issues, notably related to reactor coolant leakage detection, should be
evaluated, since these monitors are often used in this application. Further, a complete review of RMS procedures,

4 The intake calculation of (5-5) assumes a constant monitor flow. If that flow decreases rapidly due to severe dust loading, another method from
[4] should be selected, with that nonconstant flow taken into account.
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not only for CPAMs, as they exist in current operating plants would be useful in identifying good, and poor,
practices.

Third, a major need is for more detailed and accessible standards and regulatory guidance covering the acceptable
use of installed CPAMs in nuclear power stations. Standards should address quantitative methods for CPAMs,
including their limitations. A new Regulatory Guide with specific, unambiguous RMS performance and application
requirements would be helpful to the industry. Most fundamentally this new guidance needs to define whether
CPAMs are to be quantitative or qualitative instruments.

If CPAMs are to be quantitative, more meaningful performance requirements are needed for specification definition,
to the level of detail that an appropriate method can be selected from the several available in, e.g., [4]. Measurement
approaches must deal in a realistic manner with time-varying concentrations, i.e., anticipated operational
occurrences. Measurement of the baseline constant concentration from normal leakage is not a performance
requirement, except to account for it as an interference. Measurements should relate directly to the purpose of the
monitor, e.g., for occupational exposure control, estimation of intake, not concentration, is appropriate. The nDAC-
hr ambiguity (a constant concentration estimated over some time interval, vs. the time integral of a time-dependent
concentration) must be resolved. Clear guidance should be provided on how CPAMs are to be routinely used,
quantitatively, in a nuclear plant health physics program (ALARA).

If on the other hand CPAMs are to be qualitative, performance requirements must be defined so that systems can be
designed to meet them. This must include a statistical analysis to find the minimum change to be reliably detected
within some response time, taking into account the autocorrelation of variance-reduced countrate data. It must be
recognized that expensive and time-consuming absolute calibrations will then no longer be necessary. The moving-
filter concentration misinterpretation problem will vanish. For existing plants, it must be shown how qualitative use
would not be a licensing-commitment violation.

Resolving these issues would be a good step toward improving RMS capabilities in a new generation of nuclear
power stations.

References

[1] M. Marshall and D. C. Stevens, "The purposes, methods and accuracy of sampling for airborne particulate radioactive materials,"
Health Physics, vol. 39, pp.409-423, 1980.

[2] W. C. Evans, "Mathematical models for the dynamic response of continuous particulate air monitors," IEEE Trans Nucl Sci, vol. 48,
pp. 202-218, 2001.

[3] W. C. Evans, "Estimation of high-level, rapidly-changing concentrations using moving-filter continuous particulate air monitors,"
Health Physics, vol. 102, pp. 410-418, 2012; Erratum vol. 102, p. 708, 2012.

[4] W. C. Evans, "Quantitative methods for continuous particulate air monitoring," IEEE Trans Nucl Sci, vol. 48, pp. 1639-1657, 2001.

[5] U. S. Nuclear Regulatory Commission. NUREG 0800; Standard review plan for the review of safety analysis reports for nuclear power plants:
LWR edition; Revision 3, March 2007.

[6] D. H. Anderson, Compartmental modeling and tracer kinetics. New York: Springer-Verlag; 1983

5-10



Particulate Air Monitoring Mathematical Sourcebook

Chapter 6

Geometric Efficiency Correction

Unpublished

Existing models assumed that the geometric efficiency variation was negligible across the detection window. Using an
analytical model and Monte Carlo simulation, the geometric efficiency for RW, SQ (square), CW configurations was
explored. It was demonstrated that the Monte Carlo results agree with the analytical integral. Detector height is now
important. Using the correct geometric efficiency does reduce the indicated countrate of earlier models, not radically, but
enough to need a correction. The correction is just a simple average efficiency, averaged over the detection window.
Applying this to the existing models, in place of previously-assumed flat efficiency, brings earlier RW, CW models into
reasonable, not exact, agreement with numerical solution which used the correct geometric efficiency (done with a
numerical model). On the other hand, the FF correction is shown to be exact.

Existing Models

Under the assumption of a "flat" (constant, per nuclide) efficiency matrix y,, the original RW countrate model can be written

vt t L t
C. (t<T) = ¥, AOBu(r)drdx + ABu(r)drdx (1)
RW L X
0 t—— vt 0

. \I, L t
Cpy2T)=—2 j j " PBu(r)drdx 2
L Jy sz
If the detection efficiency matrix is position-dependent, then this model is extended to be:

J‘ J‘ J. ¥ (x,y)e* " PBu(r)drdxdy +
C(<T) = |70 3)
RW - WL w L pt
J J‘ ¥ (x,y)e* PBu(r)drdxdy
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0
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C,y (t2T) = e ¥ (x,y)e* " “Bu(r)drdxdy )
wL Jo Jo Ji-=

v

where the efficiency matrix is now inside the integration. Similar expressions can be written for the CW case, but this is most
practically handled by use of the "RW approximation" discussed in Chapter 1. That is, an effective window length

_ I6R,,, )
3z

is used in these models; the responses will be a good approximation to those of the full CW models. R, is the radius of the

deposition area, as opposed to the radius of the detector. These are often equal, but in general need not be. Note that, under the

flat efficiency assumption, there is no need to specify the RW window width, nor the height of the detector above the plane of

activity deposition. The assumption is that all the deposited activity is viewed by the detector, at the same efficiency.

cw
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Geometric Efficiency Function

However, there is of course a geometric detection efficiency variation across the deposition window. The issue is, can this
variation be ignored, or must it be accounted for in some manner? The geometric efficiency 2 for a point source viewed by a
circular detector is

h rdrd@ ©)

1
hs-x’y): - 3

Rier 2
R, 4 J. 2
0 o [W+r7+x +y + 2xrcos(d) + 2y rsin(6) |2

et ?

where R,,, is the radius of the circular detector, 4 is its height above the x-y plane of deposition, and (x, y) specifies the position
of an emitting point in that plane. In the present case the emission "point" is for a differential area of filter material in the
deposition window. This integral cannot be evaluated in closed form, so that a numerical solution is indicated.

One way to visualize the geometric efficiency is its variation along a radial distance, independent of the azimuth angle; this is

shown in Fig. 1.
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Fig. I Centerline geometric efficiency (blue), offset by 1 cm (red) for h=0.25 (top) to 1.5 (bottom) by 0.25. The vertical
dashed lines represent the boundary of a 2.54 cm deposition area. For smaller h, the efficiency variation across the
window is relatively mild until the emitting position is near the edge of the window.

In Figure 2 are 3D plots of Monte Carlo estimation of the geometric efficiencies for RW, CW, and SQ (square) deposition
areas, for four detector heights . It can be demonstrated that similar plots of the analytical function eqn(6) are
indistinguishable from these.
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Figure 2. Plots of the geometric efficiency for SO, RW, and CW deposition areas. The RW width is one-half the length.
The detector height h is 0.25, 0.5, 1.0, 1.5 cm, top to bottom, while the detector radius is 2.54 cm.
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Average Geometric Efficiency

One approach to correcting the countrate discrepancy noted above is to use an average geometric efficiency across the
deposition window. That is, in a schematic form,

J. Q( position) d(Area)
Area

Q= )

Area

N
— Q(R,,,,h,x,y) dxdy ®)

LA

2 2

where (0,0) is at the center of the detector. For the CW case,

Riep Rde, -y?
J‘ J‘ Q(R,,.h,x,y) dxdy C))
dep

More specifically, for the RW or SQ case,

7Z'R2

The CW case has radial symmetry, so that the azimuth angle (in the plane of deposition) has no effect on the efficiency; then

2
7Z'Rd€p

Ryep Ry
j j Q(R,, h,r,0) rdrdé = % Q(R,, . h,r,0)rdr (10)

dep 0

Note that this symmetry allows the use of a 1D interpolation in the CW countrate calculations, while the RW and SQ cases
require a 2D interpolation, which is slower. These average geometric efficiencies can readily be calculated numerically. With
the geometric efficiency defined, the overall detection efficiency is of course the product of the intrinsic efficiency v and the
geometric efficiency ©:

E=vQ

In Fig. 3 is the Mathematica code to estimate the average efficiencies for RW and CW.
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= Define the geometric efficiency function

This is the usual point-source for a circular detector, extended to 3D.
x and y are the coordinates of the emitting cell.

Q[R, h, x, y 1 := NIntegrate[ h*r/ (h*"2+x"2+y*2+1r"2+2. x *r*Cos[¢] +
2. y*xr*Sin[¢])*(3/2),
{r, 0., R}, {¢, 0., 2. Pi}, WorkingPrecision- 12,
AccuracyGoal » 5 1/ (4. Pi)

= Find the CW effic interpolation function (radial)

This interpolation, even in 2D, is faster to execute than the direct efficiency function. The CW efficiency is independent of the
azimuth angle, so it becomes a 1D interpolation, which is even faster.

Off[NIntegrate: :inumr];
effCW = FunctionInterpolation[ Q[R, h, x, 0], {x, 0, R} ] ;

= Find the RW effic interpolation function

Off[NIntegrate: :inumr];
effRW = FunctionInterpolation[ Q[R, h, x, vy], {x, -L0/2, L0O/2}, {y, -W/2, W/2}];

= Find CW average effic over window

Off[NIntegrate: :inumr];
CWavg = 2 * NIntegrate[ rxeffCW[r], {r, 0, R}]1/ (R*R)

= Find RW average effic over window

Off[NIntegrate: :inumr];
RWavg = NIntegrate[effRW[x, y], {x, -L0/2, L0/2}, {y, -W/2, W/2}]/ (LOxW)

Fig. 3. Mathematica code to find average geometric efficiencies, for RW and CW.

Countrate Difference and Correction

Having a geometric efficiency function, the next logical step is to implement it and find the countrate responses that result from
this non-uniform detection efficiency. Then those responses can be compared to the previous model, which assumed a flat
efficiency. The geometric efficiency function can be numerically integrated directly, but this is quite slow, so that a "function
interpolation" was used.

In Figure 4 is a plot showing the RW countrates for a 3-chain, for the flat-efficiency model (solid lines) and the geometric-
efficiency model; the latter includes Poisson noise and EWMA filtering. Clearly there is a significant difference, that needs to
be corrected. Figure 5 shows the same thing for CW, and it also shows how well the RW approximation mimics the "exact"
(numerical) CW response. The constant (flat) efficiency used in both figures is the maximum geometric efficiency, at the center
of the detector. This would be the worst case, for the discrepancy comparison.
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Figure 4. RW flat (max, centerline) efficiency countrate vs. geometric efficiency countrate, 3-chain.
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Figure 5. CW flat (max) efficiency: CW analytical (numerical triple integrals), dots and interpolated line; RW
approximation, thin line; noisy countrates from geometric efficiency.
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Figure 6. Similar to Fig.5, but now using the average geometric efficiency for the line plots, rather than the maximum
efficiency. Clearly the agreement is far better; Fig.9 below shows that the fractional difference is a few percent.
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Figure 7. Fixed-filter (v=0.0001) 3-chain responses using maximum geometric efficiency. Overestimate is similar to
RW, CW plots in Figs. 4, 5.
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Figure 8. Same as Fig. 7, but using average geometric efficiency. Agreement is exact.

Figure 9. CW fractional differences when using average geometric efficiency. The difference is just a few percent.
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Calibration

As was seen above, the use of the mathematical models requires an average efficiency for a given monitor. There are two ways
to estimate this average efficiency: (1) use a distributed source, with radioactive material evenly spread across the deposition-
window geometry; (2) a point source at the center of the detector, and a calculation of the average efficiency from this
(observed) maximum efficiency.

For a source in the geometric configuration that will exist during monitor operation, with a known amount of a given nuclide
evenly distributed over this area, the observed estimate of the efficiency will be

v Q( position)T ( position) d(Area)
F = counts/time Area a1

emissions [ time
['( position) d(Area)

Area

where, again, v is the intrinsic detection efficiency, and 7" is the activity per unit area on the filter medium, which in general can
be a function of position in the deposition area. For a uniformly-deposited emitting material on the filter, however (or for a
fixed-filter monitor), the activity per unit area is not position-dependent, so that

1% Q( position) d(Area)
_ counts [ time

g = — Area — Vﬁ (12)
emissions [ time

d(Area)

Area

This is the efficiency that should be used in the monitor response models, or for fast-v. It is important to emphasize that the
deposited calibration material must be in exactly the same geometric shape (rectangular, square, circular) and dimensions as the
deposition area of the monitor.

Another approach is to use the maximum efficiency, which is found at the center of the detector

max =V Q(Rder’ h’ O’ O)
and which can be estimated using a simple point source. Then the average efficiency for a given geometry can be calculated
using the appropriate ratio

& i 2

RWratio = —*% = Y Q(R,,.h,x,y) dxdy (13)
wLvQ(R,.100) | . | .
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© |
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£ 7rR2vQR h,0,0

max dep det >

£ Ryep (1(,,
CWratio = —= J- j Q(R,,,h,x,y) dxdy (14)

Riep Rden V

These ratios are of course independent of the intrinsic efficiency. A Mathematica implementation for the CW case is as
follows:
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Q[R, h, x , y_ ] := NIntegrate[h*r/ (h*2+x"2+y*2+r*2+2. xxr+Cos[¢] +2. y+r*Sin[¢])*(3/2),
{r, 0., R}, {¢, 0., 2. Pi} ]/ (4. Pi);

eff = FunctionInterpolation[ Q[Rget, h, x, ¥I,

{%X, ~2Rdeps 2Rdep}, {¥, -2Raep; 2Raep} 1
maxeff = Q[Rget, h, 0, 0];
avgeff = NIntegrate[eff[x, y], {X, -Rdep, Rdep},

{y, -Sqrt[Reep*2 -x"2], Sqrt[Ruep"2-%x"2]} ]/ (PiRgep”2);

CWratio = avgeff / maxeff;

Then the estimated average efficiency is the product of this CWratio value and the observed point-source maximum efficiency
(which, as measured, will implicitly include the intrinsic efficiency). For the RW or SQ case all that would change is the
integration region, over the appropriate deposition area, to find the average efficiency. Note that the function interpolation is
done out to twice the deposition area radius, to reduce edge effects. This interpolation is used because the direct integration of
the efficiency function is very slow.

Conclusion

In earlier work it was incorrect to assume a flat efficiency. The geometric efficiency variation is significant, but not fatal; it can
be corrected. Using the geometric efficiency averaged over the deposition area works quite well. One can always use the
numerical model (Chapter 7) if the "exact” response is needed. Calibration can be done in the usual way with a uniform source,
but of course it must be in the same geometry as the deposition area. Alternatively, and likely simpler and less expensive, one
could use a point source at the center of detector and the calculation indicated above to find the average efficiency.
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Chapter 7

Selected Formulas

Introduction

The purpose of this chapter is to present general mathematical models for the countrate response of, primarily, a rectangular-
window (RW) moving filter continuous air monitor. A circular-window (CW) model is also presented, but an efficient
approximation using the RW model solutions is preferred. Fixed-filter (FF) solutions are readily obtained from the RW results
simply by substitution of a zero filter speed. Thus, a single model can provide solutions for all three monitor types. The model
can provide countrate solutions for decay chains of any length, although length three, for radon-thoron (RnTn) is a practical
maximum. Quantities derived from the countrate, e.g., derivatives and integrals, are also available. Solutions are obtained
symbolically, using Mathematica. Commands for generating all solutions/equations are provided. Note that Mathematica
outputs are often very cumbersome, and much hand-algebra is needed to obtain the equations given here.

A set of selected solutions is provided, but these are not comprehensive. The countrate responses are of course driven by the
concentration behavior, which can take on many forms. A general procedure is given for finding solutions for any (integrable)
concentration behavior, while various solutions are explicitly provided for the (1) constant, (2) single-exponential, (3) triple-
exponential, and (4) Kr-Rb in containment concentration time-dependences.

The fundamental RW model is an extension to decay chains of the RW model reported in a series of papers in the IEEE
Transactions on Nuclear Science (see references). Some of the solutions given here were presented in those papers, but other
results are new. In particular, solutions for decay chains; for the Kr-Rb case; for RnTn; and some derivatives and integrals, are
new. Another new result is a demonstration that a faster RW/CW filter speed can track a changing concentration very closely,
although the countrate is reduced, so that this method would only be useful for accident situations.

The symbols used in the mathematical models are as follows:

o vector of decay-chain nuclide activities, dpm;

C(l‘) time-dependent monitor net countrate vector, cpm;

length of RW deposition/detection window, inches;
radius of CW deposition/detection window, inches;
filter (tape) speed, inches/hour;

transition time (L /v), hours;

system matrix (here, decay constants);

source allocation matrix;

source (air concentration) vector;

matrix of detection efficiency-abundance products.
nuclide i decay constant, 1/hr;

branching ratio to nuclide i;

concentration of nuclide i in air, uCi/cc;

units reconciliation constant;

monitor or sampler flowrate, cfm;
collection/retention efficiency and line-loss fraction product;
detection efficiency, counts/emission;

emission abundance, emission/disintegration.

T EE RPN RS

T8 IS
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Monitor Countrate Response Models

These models use the matrix exponential method of solution of the systems of differential equations that describe the activity
accumulated on a differential area of filter. Those differential areas are then integrated across the RW or CW geometry to find
the time they were exposed to the inflow of airborne activity. See [1]; these models are decay-chain extensions of the models
reported there. A clean filter, zero initial condition, is assumed (except in 2.6, where the IC is included for more generality).
Time is measured from the start of the concentration behavior.

2.1 Rectangular Window (RW) Moving Filter (T=L/v)
1 vt t L t
0, (t<T) = 7 j j A PBu(r)drdx + j J *PBu(r)drdx
0 Ji-= vt 90

L t
O, t>2T)= % J. I " PBu(r)drdx
0o o=

Cop(D=Ya,, ()

2.2 Circular Window (CW) Moving Filter (T=2R/v)

z @ Rsin(a) t
.[2 j A Bu(r)drdx Rsin(@) dor
sin"[v—t]- —Rsin(@) +vi & 0
2R
o vt .
2 sin”' | — | @ Rsin(a) t ~ )
Aoy (1<T) =53+ I ) J. I Bu(r)drdxRsin(@)do
7Z'R 0 ¢ —Rsin(a) z‘—M
% Rsin(@) +vt gt
+ I 'f I M Bu(r)drdx Rsin()da
sinfl[v—tj —Rsin(@) t_7x+Rsm(0!)
) % Rsin(@) 1 A
ey (12T) = 2_[ I '[ M Bu(r)drdx Rsin(e) da
TR Jo J_Rsine) r—m

Cp () =Tag, ()

2.3 Circular Window Moving Filter Approximation
It is shown in [1] that a good approximation for the CW response is given by using an “effective” length

_16R

L. =
(6174 371_
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in the respective RW solutions given below. A graphical demonstration of this, for a 3-chain, is shown in Fig
[xxx] in the Graphics section. The direct numerical solution of Eq(2.2) is possible, but slow, and this approximation is
faster and quite good, especially after Poisson count variation is included.

2.4 Fixed Filter (FF): Matrix Exponential Solution

0, (1) = I M IBu(r)dr

0

C,H)=Ya,,()

2.5 Fixed Filter: Zero Filter Speed RW Solution

Solutions obtained for the r <7 RW case will have terms that are multiplied by the filter speed v. Setting this speed
to zero will eliminate those terms, and lead to the FF response. Thus, any # <7 RW solution implicitly also includes
the FF solution for that case.

2.6 Fixed Filter: Laplace Transform Solution
a,, () = S_l[(sI—A)_lBu(s)} + 37 [(sl—A)‘luFF(O)}
C,,)=Ya, ()

2.7 Fixed Filter: Iterated Scalar Convolution Integral Solution

Crp () =€V kF ¢I Q,(t)e " dr
0

j 0,(t)e " dr +
. 0
CFF,z(t):€2 72kF¢ . .
A, 'f e—‘z“—”j 0,(0)e* " dbdz
0 0
j 0, (D) e " dr +
0

Crrs) =6, 1,kF ¢ 773/?3j e“ﬁ"‘”j 0,0 e " dodr +
0 0

t T 6
M4 % 'f e B I e-MT"")J. 0,(2)e " dzdfdr
0 0 0

2.8 Source (Concentration) Modeling

The linear-systems approach used here for monitor response modeling is also well-suited for modeling the time-
dependent concentrations that arise in various application situations. See [3] for a discussion. This approach will be
used below for the Kr-Rb in containment (leak detection, RG 1.45) case. Once this concentration model is developed,
it is used in the monitor models, above.
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General Solution Method

There is not always a need for explicit algebraic solutions; the matrix exponential solution can be evaluated by mathematical
software, and studies done, plots generated, without ever writing out the solutions algebraically. Those explicit solutions are
usually needed only when exploring quantitative methods, for which the response models need to be inverted. One widely-used
and readily-available mathematical system is Mathematica. To illustrate this process, below is an example procedure for
finding a solution for a specified source behavior, using Mathematica.

First, the fundamental system of differential equations for the activities a of ,e.g., a 3-chain on a FF monitor or a differential
area of a moving-filter monitor is

ke + KF YO0
d;:z :ﬂznz Q, _Z'zaz + kF@Q,@)
dZS = Ana, —Lo, + kFoO, 1)

which is written in matrix form as
a=Aa + Bu

A 0 0 1
A=|mik -4 0| B=|0
0 LA —A 0

This is the linear-systems formulation of the problem. The steps for a general solution are as follows:

with

oS = O

0
0 u=|0, [kF¢
1

1. Define source (concentration) time-dependent behavior, per nuclide (3-chain assumed), e.g.,

Q(r)=0ye"" 0,(1)=0 0Q,(1)=0

Here only the top-of-chain nuclide is present in the monitored air. Note that the time variable is t, not t, in order to
be integrated correctly.

2. Place these concentrations into the u vector:

u={ { QO*Exp[-r*t] }, {0} , {0} } * k * F * ¢;

3. Define B, the source allocation matrix, usually just an identity matrix since each air concentration  drives only
that nuclide’s activity:
B = IdentityMatrix[3];

4. Define A, the system matrix (which is developed from the ODE system for the decay chain);
A= {{ _}\1! 0, 01}, { 12 h2! _AZI 01}, {0, ns }\31 _}\3 } b

5. Define the efficiency-abundance matrix (use the average geometric efficiency; see Chapter 6):

v = { {51 Y1/ 0/ 0}/{01 €2 Y2, o}l{ol 0! €3 Y3} }I

6. To preserve a symbolic solution do not define any parameters with numerical values at this point.
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7. Find the RW activity vectors using Eq(2.1)
Activ = 1/L( Integrate[ MatrixExp[A(t-t)].B.u, {x,0,v*t},{t,t-x/v,t} ] +

Integrate[ MatrixExp[A(t-t)].B.u, {x,v*t,L},{t, O, t} ] ),

ActivT = 1/L Integrate[ MatrixExp[A(t-t)].B.u, {x,0,L}, {t,t—x/v,t} 1]

’

8. Find the CW activity vector functions using numerical integrations of Eq(2.2)
Activ([t_]:= 2/ (Pi*R*2) * (
NIntegrate[ MatrixExp[A(t-t1)].B.u*R*Sin|[1],
{t,ArcSin[v*t/ (2*R)],Pi/2},
{x, -R*Sin[t]+v*t, R*Sin[t]},
{t,0,t} 1 +
NIntegrate[ MatrixExp[A(t-t1)].B.u*R*Sin|[1],
{t,0,ArcSin[v*t/ (2*R) 1},
{x, -R*Sin[t], R*Sin[t]},
{t,t-(x+R*Sin[t])/v,t} 1 +
NIntegrate[ MatrixExp[A(t-t)].B.u*R*Sin|[1],
{t,ArcSin[v*t/ (2*R)], Pi/2},
{x, -R*Sin[t], -R*Sin[t]+v*t},
{t,t—(x+R*Sin[1:])/v,t}] )r
ActivT[t_]:= 2/ (Pi*R*2) * (

NIntegrate[ MatrixExp[A (t-t)].B.u*R*Sin[t],
{t,0,Pi/2},
{x, -R*Sin[t], R*Sin[t]},
{1, t—(x+R*Sin[t])/v,t} 1 );

9. Find the countrate vectors:
CdotRW = W.Activ; CdotRWT =V¥.ActivT;
CdotCW[t_]:= W.Activ[t]; CdotCWT[t_]:= W.ActivT[t];

10. If needed, show per-nuclide components algebraically; use these to take derivatives, integrals, limits, etc.
CdotRW[[1]] CdotRW[[2]] CdotRW[[3]]
For example, to find the long-lived activity result for nuclide 1,

CdotRWLL[[1]] = Limit[ CdotRW[[1]], A; - 0 ];
11. To find FF response vector:
CdotFF = CdotRW /. v - 0;

12. To find approximate CW response vector:

CdotCWapp = CdotRW /. L - 16 R/ (3 Pi);

13. To combine the before- and after-T responses:

CdotRW1

= CdotRW[[1]]*Boole[t < L/v] + CdotRWT[[1]]*Boole[t 2 L/v ];
CdotRW2 = CdotRW[[2]]*Boole[t < L/v] + CdotRWT[[2]]*Boole[t 2 L/v ];
CdotRW3 = CdotRW[[3]]*Boole[t < L/v] + CdotRWT[[3]]*Boole[t 2

L/v 1;

14. To use numerical values, e.g., for plotting, and preserve the symbolic solutions, define a parameter list and
the replacement operator:

plist = {F-5, Q0-10~-10, k-6.3*10710, r-0.1, (etc) 1},
CdotRWplot = CdotRW /. plist;

If symbolic solutions are not needed at all, then the parameters can be defined at the top of the notebook.
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Selected-Application Solutions

This section presents some selected solutions for concentration cases of general interest. The constant-concentration case,
while not physically realistic over longer time spans (several hours), is widely used, especially at the design stage, when more
complicated dynamic behaviors require many assumptions to define. Results are given for a three-chain, although some
expressions are so cumbersome that they are not given here. Algebraic solutions are not always needed; more complicated
solutions can be explored graphically or numerically.

This is the Mathematica code for the solution; the source (concentration) vector u is different in the sections below.

B = IdentityMatrix[3];
A ={ { -2, 0, 0}, { M2z, =22, 0}, { O, n323, -2z} };
v ={ {e1v:, O, 0},{0, e2v2, 0},{0, O, &3vy3} };

Activ = 1/L( Integrate[ MatrixExp[A(t-t)].B.u, {x,0,v*t}, {t,t-x/v,t} ] +
Integrate[ MatrixExp[A(t-T)].B.u, {x,v*t,L},{t, O, ¢t} ] ),
ActivT = 1/L Integrate[ MatrixExp[A(t-t)].B.u, {x,0,L}, {t,t-x/v,t} 1 ;

CdotRW = W.Activ; CdotRWT = W.ActivT;
4.1 First Nuclide, Constant Concentration

u = { {Q1}, {Q2} , {Q@3} } * k * F * ¢; (* all 3 constant concentrations ¥*)

4.1.1 RW, t< L/v countrate, any halflife CdotRW[[1]1]; [1] Eq(23)

- 1 1kF Q1 ! At At
C(t)=% (1—%)(1—M) " ﬁ(m—ue’ﬂ)

4.1.2 RW,t > L/v countrate, any halflife CdotRWT[[1]]; [1] EqQ(25)

£ kF¢Q, L l—e%%

C(n)=
4 AL
4.1.3 RW,t< L/v countrate, LL Limit[ CdotRW[[1]], A; - O ]; [1] Eq(24)
: vt
Ct)=¢€7kFoQ e
4.1.4 RW,t>L/v countrate, LL Limit[ CdotRWT[[1]], A; — O ]; [1] EQ(26)

. L
C() 2817/1kF¢Q12_v

4.1.5 CW, t <2R /v countrate, any halflife [1] Eqg(27,33,34,35)

“ —EZRsin((Z) i
Z(a,b) = J' e’ Rsin(a)da ﬁzﬁ
0

This is a nonelementary integral that must be evaluated numerically. Expanding the exponential in a series and integrating term-by-
term can yield an acceptable approximation if enough (~10) terms are used. The approach in Section 2.3 is far easier and works well,
including for decay-chain progeny.
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- ; [1 -2 [Bi=F + sin‘l(ﬂ)D

. 2 A: 2
Coy =€V kF9Q, | + ?(&t—l +eh )(LR}/l—,B

T

sin” (B) - By1 -5
+ 2z Z[sin_l(ﬁ) /?J
zh|+— ( - Ty 1—ﬁ2—1j

AR
4.1.6 CW,t > 2R /v countrate, any halflife [1] Eq(36)
é. zelylkF;/ﬁQ{l v ZVZZ(Z’/%H
A ATR A 7R 2
4.1.7 CW,t<2R /v countrate, LL [1] Eq(39)

t(l - %[,b’«/l— 2y sin‘l(,b’)} j
N 38R (1_m) N 2vt2m

Cow = 8171kF¢Q0

Y 37R
4.1.8 CW,t > L/v countrate, LL [1] Eq(41)
. 8R
Coy = ENkFPQ,
3y
4.1.9 RW, t < L /v derivative, any halflife D[ CdotRW[[1]], t ]
dcC _ vt
— =gy kFpQ et |1-—
dt L
4.1.10 RW, t < L /v derivative, LL Limit[ D[ CdotRW[[1]], t 1, A1 — O ]
dc vt
— = VkF@oQ|1-—
dt L
4.1.11 RW, t< L /v integral, any halflife Integrate[ CdotRW[[1]], {t,0,§} 1
¢
. &V kF y _ v 2v _
j C(t)dt:m—ijQl AE— 1Yoy re[Ye g 4 ——(1-e¢)
0 A L L AL
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4.1.12 RW,t< L /v integral, LL Limit[ Integrate[ CdotRW[[1]], {t,0,&} 1, A; — 0 ]
& 2
. &V kF v
J C(t)dt — 171 ¢Q1§ 1__9g
0 2 3L
4.1.13 FF countrate, any halflife CdotRW[[1]] /. v - O; [1] Eg(19)

C(t):gl%kF¢Q1|:l _ e—zﬂ]

4.1.14 FF countrate, LL Limit[ CdotRW[[1]] /. v - 0, 2A; - 0]; [1] EQ(20)

Ct)=¢€ykFoQ

4.1.15 FF derivative, any halflife D[ CdotRW[[1]] /. v - 0, t ]

dC e
E:gﬂﬂkF¢Q1€ A

4.1.16 FF derivative, LL Limit[ D[ CdotRW[[1]] /. v - 0, t 1, A - O ]

ile
E:‘C"l}/lkF¢Ql

4.1.17 FF integral, any halflife (Eberline equation)  Integrate[ CdotRW[[1]] /. v - 0, {t,0,§} ]

J'fC’(t)dt:—gl%qu)Ql (A&-(1-e*)]

4.1.18 FF integral, LL Limit[ Integrate[ CdotRW[[1]] /. v - 0, {t,0,§} 1, 2A; - 0 1]
¢ 2
. &V kF
j C(t)dt — 1 71 2¢Q1 g
0

4.2 Second Nuclide, Constant Concentration

4.2.1 RW,t<L/v countrate, any halflife CdotRW[[2]]

Qa>=-ﬁlﬁﬂﬁﬁé{@fu%j@_a%q4-z§(@t—1+e%q}

%
_vi\h=A[ o et e%’}
+8272kF¢Q1772( Lj /% {1 AT

bk +%{£(ﬂ,t—1+e_ﬂ‘r)—i(ﬂzt—l+e_ﬂzr)}

212
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4.2.2 RW,t>L/v countrate, any halflife CdotRWT [ [2]]
. F 2L
CZ(I) 28272k ¢Q2 1 — v [l_eﬂ?vj
4, 4L
L L
L Enkroon| [ v (1_e%vj_1 L L(l_e‘wJ_lj
A(A4-4) AL AL
4.2.3 RW,t<L/v countrate, LL Limit[ CdotRW[[2]1], A, — O ]
C,(1) = & 7,k F@Q -
2 272 2 2L
4.2.4 RW,t>L /v countrate, LL Limit[ CdotRWT[[2]]1, A2 — O ]

. L
C,(t) =&, kF¢Q, ;

4.2.5 FF countrate, any halflife CdotRW[[2]] /. v - O
. & v kF _ &V kF e e !
Cz(t):-272ﬂ?¢Q2(1_eﬁqt)+ 2 Vs AI¢Q1772(1_AZA2 ﬂl_i_ﬂlﬂz /11

4.2.6 FF countrate, LL Limit[ CdotRW[[2]] /. v - 0, Az — 0 ]

Cz(t) =& 72kF¢Q2t

4.2.7 FF, derivatf've, any halflife D[ CdotRW[[2]] /. v - 0, t ]
diz =&, 72kF¢anzﬂf2j[e‘ﬂ” —~ e‘ﬂﬁ’} + & Y, kFpQ,e™
4.2.8 FF, derivative, LL Limit[ D[ CdotRW[[2]] /. v - 0, t 1, A, -~ 0 ]
ac, _ &Y, kF@O,
4.2.9 FF, integral, LL Limit[ Integrate[ CdotRW[[2]] /. v - O, {t,0,§} 1, A2 -~ 0 ]

¢ 52
I Cz(t)dt:gz 72kF¢Q27

7-9



Particulate Air Monitoring Mathematical Sourcebook

4.3 Third Nuclide, Constant Concentration

4.3.1 RW,t<L/v countrate, any halflife CdotRW[ [3]]

C,(1) = —8373];3F¢Q3{ (1—%](1—&‘3’) + t(ﬂgt—l+e“ﬁ’) }

vt A=A | e e ! }
8373kF¢Q2773 (1 Lj ll {1 23/1%_/224_/122?_/12 ’
N )
Ay e
)& -2)
(1_V_tj(%—ﬂz)(ﬂ1—ﬂa) A Ae™
L A (4 -4)(4-4)
e
L (A-A)(A-4)
+ &YV, kFoQm,m, tﬂ;(ﬂl_ﬂ?)'i'%ﬂi _ /12?3(1—6_/1“[)
(A=) (A-4) A (A -4) A4
E
|zt
+ — 2
L |_ 23 _e—ﬂzt
Lot )
a4 Al Ar=e)
A (h=&)| -22 (1= At — )
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CdotRWT[[3]]

C3(t) =

8373kF¢Q3[1 _
A

]

8373kF¢Q2773 v _e_ﬂf*% _ _ v —6_22% _
2 (- 2) {%(&L@ j q %{%L@ j q}

&Y kFPQ 1,75

—/QSLJ—V/@(I—e j+L22/133

T A (h-2) A4 |

4.3.3 RW,t<L/v countrate, LL

(4 -4)L
AL
(ﬂ;v &&LJ vﬂf(l—e '”J+Lﬂzﬂ32
-4
(4-4)L
Limit[ CdotRW[[3]], Az — 0 ]
vt
C(t) = & 73kF¢Q{t_ZJ
Limit[ CdotRWT[[3]], Az — 0 ]

4.3.4 RW,t>L/v countrate, LL

4.3.5 FF countrate, any halflife

. L
C,\(t) =&y, kF 90, Z

CdotRW[[3]] /. v - O

; = M _e—ﬂsf 8373kF¢Q2773 _ €_%t At j
e e U o =
& 73kF¢Q1772773 1+ /12236_21' _ &ﬂge_ﬂ?' B ﬂlﬂze_%t :|
7 (h=2)(4=2)  (h=2)(=h)  (h=A)(A=A)

4.3.6 FF countrate, LL

Limit[ CdotRW[[3]] /. v - 0, A3 - 0 ]

C,(t) = &7,k FpQ,t
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4.4 FF, Constant Concentration Long-Term Equilibrium Countrates

It is shown in linear-systems analysis that, for a constant source, a system will reach equilibrium levels that can be calculated
without explicitly solving the differential equation system. See Ref[3]. The system matrix A in effect is for the isotopic
transitions on a FF.

u = { {Q1}, {Q2} , {Q@3} } * k * F * ¢; (* all 3 constant concentrations *)

Y. (-Inverse[A] .B.u)

ano
A

C(t—)oo):T(—A_lBu): gz?ZQz +827221Q1772 kF¢

600 &N EVQMLI
4 A A

4.5 First Nuclide, Single-Exponential Pulse Concentration

A single exponential "pulse" concentration can model events such as a sudden relief-valve lifting, or a pipe break, etc. The
concentration rises very quickly, and then tails off exponentially, usually due to HVAC dilution in a compartment. Here, in this
model, the concentration rises instantaneously, which of course would not happen in a monitored compartment unless the
sampling point happened to be very close to the release point. Note that the time ¢ here is measured from the start of the
release; this reduces the clutter in the equations that would be needed to write them in terms of a time offset from an arbitrary
Zero time.

u = { {Q0*Exp[-r*t]}, {0} , {0} } * k * F * ¢; (* only first nuclide source *)

4.5.1 RW, t < L /v, countrate, any halflife CdotRW[[1]]

C(t)= &1 kF¢Q,

4.5.2 RW, t > L /v, countrate, any halflife CdotRWT[[1]1]

: eV kF@gQ e v (r-4)"
C(t)=—~ g (A-r) - —(1—6 Vj
(4-r) L

4.5.3 RW, t< L /v, countrate, LL Limit[ CdotRW[[1]], A; — O ]

Co = EBAE9C (1 ; %)(1 o)
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4.5.4 RW, t> L /v, countrate, LL

i =4
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Limit[ CdotRWT[[1]], A; - O ]

L
r=
v

VkF@oQ,e"| v

4.5.5 FF countrate, any halflife

C(t): 817/1kF¢Q0{

4.5.6 FF countrate, LL

C(t) =

—| e
r rL[

R

(e =)

CdotRW[[1]] /. v - O

1

Limit[ CdotRW[[1]] /. v - O,

ESREFOO ]

r

A - 0]

4.6 Second Nuclide, Single-Exponential Pulse Concentration

4.6.1 RW, t <L /v, countrate

CdotRW[ [2]]

i e et ]
(1_2) (r=A)(r=&) " (r=4)(k-4)
L e_ﬂzr
. (r=4)(4-4) ]
C2:‘9272kF¢77222Q0 1+rt—/?.1t—€_ﬂ1t
N ve " (’”_/1|)2
L(A-4)| l+rt—At—e™
(r=4)
4.6.2 RW, t> L /v, countrate CdotRWT[[2]]
v(l—ef('_ﬂ1 ]+L(r—ﬂl)
:’927sz¢772/1on (r—/?'l)2
2 L(4-%) v(l—ei(%)j+L(r—ﬂz)
. (r-2)
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4.6.3 FF, countrate CdotRW[[2]] /. v - O
e—n e—&t

(r=A)(r—4) " (r=4)(h—4)

e !

(r=%4)(4-4)

G, = 272kF¢772/12Q0

4.7 First Nuclide, Three-Exponential Concentration

This concentration case is general; it covers a variety of possible behaviors just by changing parameters, rather than needing
separate solutions. It was used in Ref[1] and so is included here. Note that the single-exponential case is included in these
solutions, by using i = 3,3 in the summations. Thus there are correspondences to the solutions in section 4.5: 4.7.1, 4.5.1;
472, 455; 4.73,453; 4.74,45.6; 4.75,45.2; 47.6,454.

{ {S /(xr2 - r1)*( Exp[-r; 1]- Exp[-r> 1] ) + Q0 * Exp[-r3 1] },
{0} , {0} } *k *F * ¢;

u

B

IdentityMatrix[3];

A={{ -2, 0, 0}, { m22z, Az, O}, {0, nads, =As } };

¥ ={ {e1vy1, O, 0},{0, &2v2, 0},{0, O, esys} };

Activ = 1/L( Integrate[ MatrixExp[A(t-t)].B.u, {x,0,v*t}, {t,t-x/v,t} ] +
Integrate[ MatrixExp[A(t-t)].B.u, {x,v*t,L},{t, O, ¢t} 1] )

ActivT = 1/L Integrate[ MatrixExp[A(t-t)].B.u, {x,0,L}, {t,t-x/v,t} 1 ;

CdotRW = W.Activ; CdotRWT = W.ActivT;

4.7.1 RW, t <L /v countrate, any halflife CdotRW[[1]1]; [1] Eq(21)

+l[e"’f’(t(/11+ w)-1)+ e‘””]

i=1 + Fi (1_V_tj(€w,.t_e—z1t)
A+a L

I'= 0, W ,3="1H3

4.7.2 RW, t>L/v countrate, any halflife CdotRWT[[1]]; [1] Eq(22)

-t v
e A+ ——
(ara-g)
RW: ‘97/1kF¢Z

o ﬂl+w y af-t)-at
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4.7.3 RW,t<L/v countrate, LL CdotRW[[1]] /. Ay - O
I'. v
3 e
. @ L
CRW:€171kF¢§ l—‘( vt
i=1 +

4.7.4 RW,t>L /v countrate, LL CdotRWT[[1]] /. A, -~ O

= ¢ %quﬁZ { (w _%j N %e‘”(ﬂ

4.7.5 FF countrate, any halflife CdotRW[[1]] /. v - 0; [1] Eq(18)
3
. I -
CRW=€1}/1kF¢E ’ (e“""—eﬂ”)
— AL+o
4.7.6 FF countrate, LL CdotRW[[1]] /. {v - 0, A; - O}
3
F,‘ wt
Cpy = glyflquﬁE {—(e‘ - 1)
el
4.7.7 CWt<2R /v countrate, any halflife [1] Eq(28,29,30)

/Lzla)( ””)(1——[/3\/1— + sin l j
ch:€17/1kF¢2 +L2(e_l"+ e"""[t(ﬂl+a) :|) \/7

(4+@)
sin” (B) — BJ1- 57
) Z(sin"l(ﬁ),(ﬂl+ Q))
ﬂ,l-l- @ T+ ; R
R(A4+ @) -
+ J1-5 -
4.7.8 CWt=2R /v countrate, any halflife [1] Eq(32)
2v
- 2R(A+ @)
=&Y kF
% ¢Zﬂi+ 10} 2v
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4.8 Kr - Rb in Containment, Rb Monitored

This is the Reg Guide 1.45 situation- a leak of ®Kr into containment, at some leakage rate, with some primary coolant
concentration. The **Kr decays to *Rb in the air, and no ®¥Rb is directly released. The first step is to find the dynamic behavior
of the containment **Rb for this situation; then that is used to "drive" the RW monitor. Linear systems modeling is used for the
concentration dynamics. Laplace transforms could be used to find the FF response, but it will be contained in the RW response.

Rby is the “effective” removal rate for %Rb, including decay, plateout, and filtration. S, is the source term of **Kr; the leak
rate times the coolant concentration times the partition factor. The Qg;, found is then the u(t) for the RW t <L /v countrate
solution (this assumes no countrate contribution from the Kr). If there is no Rb loss other than decay, a separate solution is
required. The matrix exponential solution will find this directly; the A matrix will be different for this case but the rest of the
solution steps are the same.

(*¥ ———————————— this is the concentration solution —-———————————- *)
(* Sk = leakrate * partition * coolant conc; V = containment volume *)

u = { {Sk.}, {0} } / V;
By, = IdentityMatrix[2];

Ay = { { -2x:, O}, { Ao, —DApvess } }; (* Rbeff is sum of Rb losses ¥*)

Ay = { { =2 0}, { 2o, —2mo } )5 (* for decay-only case ¥*)

Q = Integrate[ MatrixExp[Ag(t-K)].Bg.uy, {x,0,t} 1; (* conc vector; Kr, Rb *)
(¥ ———————m—————— this is the countrate solution —-—————————————- *)

u={ {Q[[2]]} } *k * F * ¢; (* single-nuclide solutions (Rb88) *)

B = IdentityMatrix[1]; (* don't really need matrix soln here ¥*)

A={{-2M&}}; ¥={{enwvyl };

Activ = 1/L( Integrate[ MatrixExp[A(t-t)].B.u, {x,0,v*t},{t,t-x/v,t} ] +
Integrate[ MatrixExp[A(t-1)].B.u, {x,v*t,L},{t, O, t} 1 );
ActivT = 1/L Integrate[ MatrixExp[A(t-t)].B.u, {x,0,L}, {t,t-x/v,t} ] ;

CdotRW = W.Activ; CdotRWT = W.ActivT;

4.8.1 Containment Concentrations or[11] orr211
S _ A, S 1 _ 1 Ay
Oy, :¢(1—€ ﬂkrf) O, = Rh K —(1—6 ﬂ’(’r) - —(l—e R"ﬂr)
lK’ 4 (the/‘/‘ _lK,) \% ﬂ’Kr ﬂ’RhLﬂ
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4.8.2 RW, t<T, BRb countrate Jfrom 8Kr (only) source CdotRW[[1]]
I | the_ﬂR"”-” ' N |
(1 ) V—tj Aty Ay, (e = A, ) (A = A, ) )
L ot ﬂRbe—zK, 1
(/110- a /1Rb ) (/11{1; - /?“Rbeff ) /IKr (/?“Kr a ﬂRb ) (ﬂ’Kr - ZRbeff )

2 — Ak, t
C (t)_ th 7thF¢SKr thb_l + ﬂRb (t(ﬂRb_/lfr)_l)e +
Ko \% lKrthq/f Z’Kr (/110 - ﬂ’Rb) (/?'Kr - thp_/, )
—Arpyy t
v /113;; (t(/?’Rb _ZR’W )—l)e ! N
2
;LRI’L ﬂRbeﬂ (ﬂRb - /7“Rb€ff ) (/IRbeﬂ - /110)
(/110- (ﬂRbeff - 2/11{1;) + /le (3/11&; - 2/11{1;% )) e
2
i (Z’Kr — A )2 (/?’Rb - ﬂ’Rbﬁff ) |
4.8.3 RW,t>T, 8Rb countrate Jfrom BKr (only) source CdotRWT[[1]]
L —Arb e t
e Jul—v Ao (v LAy, =2 ) ) €

2
/?'Kr /?’Rb ﬂ’Rhﬁff /?’Kr /?’Rh /?'th/./» ,IR by ( /?,Rbﬁff - /?,Kr ) ( /?,Rh - leL,,f )

—_~

E Y KF @Sy, | Ay (V+ L( A, — A, ))e_l”t N VA, €
2 2
Ly /?’Kr (ﬂ’K - ﬂ’Rbpﬂ» )(ﬂ’Kr - /?’Rb ) Z’Kr (Z’Kr - thp_[/» )(ﬂ’Kr - le )

L

CRb (1) =

b (2B
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4.8.4 FF; ®Rb countrate Jrom 8Ky (only) source’

CdotRW[[1]] /. v - O

1 the_ﬂR"”-” ' N
C _En Yk FPSy, lKriRh"” /?'R”e.z'/' (/lK’ B /IR’%.[/' )(/?“R” B /IR’%_[/' )
Rb ) = Vv Ayt y) e—lmt
_ RD
(/110 a /1Rb ) (/7“Rb a ﬂRbeff ) /110 (/1Kr - /1Rb ) (/110 - /7“Rb€ff )

4.8.5 RW, t <T, **Rb countrate from *Kr (only) source; Rb Decay-Only Case

CdotRWI[[1]]

1 B A, o et
(1 B V_tj /1[0 /1Rb ﬂ’Kr (/?’Kr _le )2
L _ Z‘E‘ﬂm,t (21Rb _ ﬂKr )e—/let
- 2
C (l): th 7thF¢SKr L (ﬂ’Kr ﬂ/Rb) ﬂ’Rb(/iK,-_/in) |
Rb \% tze_/let t (1 _ e—let)
+ —
T 2(A = A.) A A A Ay
L thh e‘ﬂ]{,l‘ th (e—ﬂRbr _ e_ﬂ'Krr)
A (A = A )2 A (A, — Ary )3

4.8.6 RW, t >T, ®*Rb countrate Jrom BKr ( only) source; Rb Decay-Only Case

CdotRWT[[1]]

- Le™t Qe
Ao by 20( A= A) A (A — A, )
SRR L R
v LA, A2,
v, e ! {1 B (e ) = }
L (A = Ag,)’

4.8.7 FF; ®Rb countrate from *Kr (only) source, Rb Decay-Only Case

Erp Ve K F @Sy, 1 e

— A t
Ay, €7 B

CdotRW[[1]] /. v - O

(22’Rb B Z’Kr ) e_let

Cp, (1) = 1

4 Kr ;tRb ) /?'Kr (/?’Kr - /?’Rb )2

! This result was reported in [4].
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4.8.8 Long-term equilibrium: Containment Concentrations

ﬂ’Rb SKr

S
I Do) = Kr I >oo) =
QKr ( ) lK V QRh ( ) lKr ﬂRbpﬂ V

4.8.9 Long-term equilibrium: FF countrate

gRbbekF¢SKr — ththkF¢Q (t%oo)
Rb

Cpy(t > 0) =
“ A Ay, V Aey

4.8.10 Long-term equilibrium: RW countrate

gRb}/RbkF¢SKr | - v |:1—€_1Rh€:|

C,,(t > o0) =
A Ay, V AL
4.8.11 Long-term equilibrium: Containment Concentrations, Decay-Only Case
S, Sk,
ri(t_>°°): “ QRb(t_>°°) = =
A,V

A,V

4.8.12 Long-term equilibrium: FF countrate, Decay-Only Case
Ery Vir KF @S, Epy Vi, KF @
Rb /Rb Kr _ SRb /RD Oy, (t N Oo)

C. (t —>o0) =
w2 = = AV s

4.8.13 Long-term equilibrium: RW countrate, Decay-Only Case

: Exy Var KF S v Ay
Cpp(t > ) = R”;’”’ﬂ 3 |- L[l—e }
Kr “*Rb Rb

These results are obtained by taking limits of the respective solutions for each case; for RW, use the # > T solutions.

Quantitative Methods

These are some selected methods of "inverting" a response model, or quantities derived from such models, to solve for an
estimate of the input concentration. Some of these methods were reported in Ref[2].

5.1 Fixed-Filter
5.1.1 FF Concentration, Initial Slope [2] Eq(7)
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5.1.2 FF, Concentration, Countrate and Derivative [2] Eq(5)
. 1 |dC :
o) = il A€, (1)
eykFo| dr |
5.1.3 FF, Constant Concentration, Derivative from 4.1.15
dC,,
. dr |,
" eykFge™
5.1.4 FF, Constant Concentration, Countrate from 4.1.13
A AC,. (1)

0

T eykFo(l- )

5.1.5 FF, Constant Concentration, LL Countrate from 4.1.14
Q _ C FF (l )
" eykFot
5.1.6 FF, Constant Concentration, Counts (Eberline equation) [2] EqQ(30); from 4.1.17
2 °
A J' C,..(t)dt
A 0

0, =
gku;z)[/uf - (1—e-‘f)]
5.1.7 FF, Constant Concentration, LL Counts [2] Eq(31); from 4.1.18

¢
2j C,, (1) dt

Q= EYkF ¢&

5.1.8 FF, Release, Counts and Countrate (Rb88 Method) [2] Eq(18)

F ) <.
R(&) :LM(|:CFF(§) + /1"' CFF(t)dt:|

EYKF¢@
5.1.9 FF, Average Concentration, Counts and Countrate [2] Eq(22)
_ 1 ) ) <.
06 = e [Cr® - 0] + 2] Cwa
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5.2 Rectangular Window Moving Filter

5.2.1 RW Concentration, Initial Slope [2] Eq(7)
A 1 dC
0(0) = |
EYkF¢ dt L:o
5.2.2 RW, Constant Concentration, Derivative from 4.1.9
dC,y,
o dt L
QO = L . t<—
Vv

eykF pe™ (1 — thj

5.2.3 RW, Constant Concentration, Countrate from 4.1.1

)
skugb{Z[ﬂt —l+e ]+ ,1(1 _ Vljj(l _ e_l')}

5.2.4 RW, Constant Concentration, LL Countrate from 4.1.3

Cpw (t < Lj
0, = -

ekugz)(t - wzj

A Cpy (t <

< |t~

0, =

2L
5.2.5 RW, Constant Concentration, Limiting Countrate from 4.1.2
o - Cpy (t=L/v)
’ 1 1 ik
EYkFQ — — ——|1—e "
A AL
5.2.6 RW, Constant Concentration, Limiting LL Countrate from 4.1.4

A 2vC,, (t=L/v)

0

EYkF QL
5.2.7 RW, Constant Concentration, Counts from 4.1.11
2 :
A /lj Crw (1) dt I
QO — f 0 é: 5 ; fﬁ;
eykFolAE — [1+25 + e[ Yo || + 2V (1-e*
g e = (1o s« e
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5.2.8 RW, Constant Concentration, LL Counts from 4.1.12
<.
2I Cy (1) dt

o, = ° ; fS—
ekugz)f{l—;ij ’

5.3 Rectangular or Circular Window Moving Filter; Fast Filter Speed

It can be demonstrated that if the filter speed is increased to, e.g., 30 inches/hr, the CW/RW monitor countrate will
nearly track the concentration dynamic behavior. Taking the concentrations for the three nuclides in a chain to be
simple exponentials, it can be shown that a Taylor series expansion to third order in the filter speed v about infinity, or
in effect, in the reciprocal of v about zero, gives for the approximate t > 7 RW countrates

Qe"gnkFoL n Qle_r]’€171kF¢(r1_ﬂ1)L2 + Qle_"'tel}/le¢(r1—ﬂl)2L3

C)=

2V 6‘;2 24\}3
¢ = L BREOL | fa(00 0 . fulo.o)r
’ 2v 6v* 24
C )= Q3 e & 7/3kF¢L + f3'2 (an Q3)L2 + f3.3 (Ql’ Qza Qz)E
’ 2v 61 24’

The f{) are collections of factors in the higher-order terms that are not of interest here. The remarkable feature is that
the input concentration is returned in the first term, multiplied only by known (instrumental) parameters. This has
been demonstrated for several shapes of Q(¢), including for the Kr-Rb case.

The conversion of countrate to concentration then is via

0.(1) = G0 Rw o 10) -

el.}/,.kF(Z)z—v ei}/,.kF(b%

CW; 2T

if v is fast enough to discard the second- and higher-order terms in the expansion. The CW case can be shown
analytically, also via a Taylor expansion of those ¢ > T countrates. Note that the transit time 7" is on the order of a few
minutes here, as opposed to hours when v is a more typical, e.g., one inch/hr. The estimated concentration in this
method lags the true value slightly, but the tracking ability is excellent. This approach would be used only for high-
level concentrations, as in accident situations; it is of no use for normal operations at lower concentrations. With this
approach the filter tape would need to be changed about each day rather than once per month, but the monitor would
not be used in this manner for extended periods, rather only when personnel need essentially real-time estimates of the
concentration in their area. This approach was published in [5], and is also presented in Chapter 4.
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The following material was attached to a document used in a conversation a few years ago with the NRC.
That document was edited to become the published paper presented here as Chapter 5. For the moment
this material will be left as-is; in a later edition it will be integrated with the other math in this chapter.

C(t) time-dependent monitor net countrate vector, cpm;

L length of RW deposition window, inches;

w width of RW deposition window, inches;

h height of detector above deposition plane, inches;

Ry radius of detector, inches;

Riep radius of CW deposition window, inches;

filter (tape) speed, inches/hour;

transit time (L / v), hours;

system matrix (here, decay constants);

source allocation matrix;

source (air concentration) vector;

matrix of detection efficiency-abundance products;

nuclide i decay constant, 1/hr;

branching ratio to nuclide i;

concentration of nuclide i in air, uCi/cc;

units reconciliation constant;

monitor flowrate, cfm;

collection/retention efficiency and line-loss fraction product;
intrinsic detection efficiency, counts/intersection;

emission abundance, emission/disintegration;

(x,y) position-dependent geometric efficiency, intersection/emission.

Q=S T QO > EE Wp 3~

General (decay chain) countrate response model RW
Extension of RW model reported in [2] to include decay chains and geometric efficiency

w vt t w L t
Coy(t<T) = LL J' I I ¥ (x,y)e* "“Bu(r)drdxdy + J. I J. ¥ (x,y)e* Bu(r)drdxdy
w 0Jo o2 0 Jv Jdo

w L t
CRW t=T) = L J- J- J- ¥ (x,y)e* " Bu(r)drdxdy
wL Jo Jo Ji2

-4 0 0 1 00 Ql(z')
A=\mt -4 0 B=|0 10 u(f)= Qz(z') kF ¢
0 77323 _ﬂs 0 01 Q%(T)

gy, O 0
¥(x,y)=Qxy) 0 &y O
0 0 &
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Countrate response model, single nuclide RW
Remove the matrices and vectors:

RW(t<T) = kF¢[J‘ J- J‘ (x,y)e OOy drdxdy + J ‘[ J‘ x,y)e H0O(1)dt dx dy

Cpy (1 2T) =’€WFL"’)J J j ¥(xy)e PO drdedy  W(xy)= &y Qxy)
0 40 t——

Geometric efficiency function, point source, circular detector
Need this to find an average efficiency, to remove the position-dependence

Rde't
Q(R,,,h,x,y) = %J‘ j h - rdrd@
T 0 [hz +r°+x +y 4+ 2xrcos(8) + 2yrsin(6)]

Average geometric efficiency across deposition window
Using the average efficiency produces an approximate response, within 3-5% of that which uses the full geometric efficiency

S
— Q(R(Iet’h’x’ y) d)Cdy
L w L
2 T2
RM Rd!,”*\
J‘ j Q(Rdﬂ,h,x,y) dxdy
dep ~Riep - )

JrR2
J. J- Q(R,, h,r,0) rdrdf = j Q(R,,, h,r,0)rdr
dep dfP

SRR

Radial symmetry for CW:

7rR2

Overall effective detection efficiency:

g=¢yQ

Countrate response models with flat (effective) efficiency RW

Efficiency now comes outside integrals

— w vt t w L t
Cot<T) = £XE ¢[ J' I I IOy drdrdy + I I I e-“'-”Q(r)drdxdy]
wlL 0 Jd0 [—% 0 Jvr Jdo

= w L t
Coyt2T) =% kEg J j j e M 0Q(t)dr dx dy
wL 0o Ji-2
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Removal of y-dependence eliminates outer integrals and w:

- vt t L t
Cpy (1<T) = LLM j I e MO0 drdx + j j e O0(T)dT dx
0 oi-2 vi 0

EkF¢
L

L t
Coy(t>T) = J j e Q1) dr dx
0 =

These are the response models that would need to be inverted in the general case, with Q(t) unknown.

Constant concentration countrate response RW

Need to select a concentration; choose constant for simplicity

: EkF9Q, ( wj i v )
Cow 0<T) =22 1= |(1=e*) + —(At—1+e" (A-1)
o (1 <T) 7 il ) + 4| )
This is (23) of [2]; next is (25) of [2].
: EkF¢Q, v ik
Coy2T) =22 1= —|1-¢ " (A-2)
o (02T) y) AL
Formula for estimating a constant concentration, RW, any half-life, after transit time only:
A A .
0, = —= Cpy (1 27) (A-3)
— % —A=
EkF¢o|l — —|1—-e "
AL
Constant concentration countrate response, long-lived RW
Take limit of above as lambda approaches zero (LL)
: _ vt
Cow(tST)=EKF$Q,| t — — (A-4)
2L
. _ L
Coy(t2T) = ngq)Qoz— (A-5)
Y
Formula for estimating a constant concentration, RW, long-lived only, after transit time only:
~ 1 .
Qo = —L CRW (t= T) (A-6)
EkFo—
¢ 2v
Constant concentration countrate response CW
The solution for t < Tis complicated and need not be repeated here; see [2], (33-35). Then for t= T,
. EkF 3 —iZ dep SID (&
Cop (127) = ERFOQ ) 2V 2 jze @ (A7)
A AZR,, AzR,,Jo ’

This is (36) of [2]. It can be shown that this nonelementary-integral expression can also be written
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C (tZT) :M 1-— 2v + v L 22’Rde/’ -1 % (A-8)
v A AZR,, AR, o o

where L is the Struvel function and |, is a Bessel function. Either (A-7) or (A-8) can be evaluated numerically; or, we can find a good
approximation by using the appropriate RW result with

_I6R,, (A-9)

cw
RY/4

Note that for a given monitor system and a given nuclide, the quantity in brackets in (A-7, A-8) evaluates to a constant, so that a formula for
estimating a constant concentration, CW, any half-life, after the transit time only, is

A A

Q, = C
’ _ 2y V Zlee) 22’Rde v (
EkFo|l- + L, -1 —*
AR AR, v v

dep

t2T)  (A-10)

Constant concentration countrate response, long-lived CW

1= 2= )] )

Coy (t<T) = ELF 9Q, (A-11)
8R, 2vt’
- 1= )+ 1 - B
" 37rv( p ) i 37R,, p
vt
= (A-12)
g 2R,
This is (39) of [2].
: 8R
Cop (t2T) = 5kF¢QOﬁ (A-13)

(A-13) can be found most simply by substituting unity for 8 in (A-11); this corresponds to t = T=2R/v. The countrate is continuous across the
transit time boundary, and is constant thereafter. The same result follows by taking the limit of (A-8) as the decay constant approaches zero.
Then a formula for estimating a constant concentration, CW, long-lived only, after the transit time only, is

A 1

0, = Cpy (t2T) (A-14)

_ 8R
EKFPQ,
4% Py
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6.0 Circular Window Moving Filter Numerical Model (Mathematica)

Define geometric efficiency function

Q[R, h, x, y ] := NIntegrate[h*r/ (h*2+x*2+y*2+r*2+2.x *r*xCos[¢] +2. y*xr*Sin[¢])*(3/2),
{r, 0., R}, {¢, 0., 2.Pi} ]/ (4.Pi)
Define various system parameters

R=2.54; h=1.0; nvert =100; ncells = 30; v =2.54/60.;

k =2.2+10%6 » 2.832+10”4; flow = 5.; phi=0.7; kkO = k » flow * phi;
L=16R/ (3Pi); alfa=0.2; bkglevel =100.;

tstart =0.; tmax = 160.; tstep = 5. /60.; nsteps = Round [ (tmax - tstart) /tstep] +1;
dx = v xtstep;

A1 = Log[2.]1/60.; X2 =Log[2.]/20.; A3 =Log[2.]1/10.; n2=1.; n3 =0.36;
gstart =0.; r; =0.05; r=0.02; r3=0.; S=0.; Q =3.0%10%(-9);

Find geometric efficiency interpolating function

Off [NIntegrate: :inumr];
efficCW = FunctionInterpolation[ Q[R, h, x, y], {x, -R, R}, {y, -R, R} ];

Define concentration time-dependence functions

QA[rl ,r2 ,r3 , S, Q0 , gstart , t_] :=
If[(t 2 gstart), S*(10%-10)/ (r2 -rl) =
(Exp[-rl« (t - gstart)] -Exp[-r2«* (t - gstart)]) +
Q0+Exp[-r3* (t - gstart)], 0.1];
OB[Q0 , gstart_] := If[ (t 2 gstart), 0.%Q0, 0.];

QC[Q0_, gstart ] := If[(t 2 gstart), 0.%Q0, 0.];
QinA = Table[ QA[r;, rz, r3, S, Qo, gstart, t], {t, 0., tmax, tstep}];
QinB = 0. * QinA; QinC =0. % QinA; H

Define (x,y) coordinates of cells at time zero

dtheta = 0.99Pi /nvert; theta = Table[ dthetaxi, {i, 1, nvert}];
eta = RxSin[theta]; zeta =Rx*Cos[theta]; =xlen = 2. xeta; dxlen = xlen/ncells;
yheight = Table[ (zeta[[i-1]] -zeta[[i]]), {i, 2, nvert} ]; dx2 = .5 xdxlen;
yheight = Prepend [ yheight, R - zeta[[1]] ];
diffeta = Table[ (eta[[i]] -eta[[i-1]]), {i, 2, nvert}];
diffeta = Prepend [ diffeta, eta[[1]] ];
areacorr = yheight xdiffeta; arearatio =1 -diffeta/xlen;
darea = xlen * yheight - areacorr;
xleft = -eta;
xnow0 = Table[ xleft[[i]] + (j-1) *xlen[[i]] /ncells,
{i, 1, nvert}, {j, 1, ncells} ];
ynowQ = Table[zeta[[i]], {i, 1, nvert}, {j, 1, ncells}];
frac = Table[ darea[[i]], {i, 1, nvert}, {j, 1, ncells} ]/ (Pi*R*2=xncells);
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Define ODE recursive solution factors

alphaA = 1. -Exp[-A; xtstep]; alpha2A =1. -alphaA;
alphaB = 1. -Exp[-2A; xtstep]; alpha2B =1. - alphaB;
alphaC = 1. -Exp[-2A3 *tstep]; alpha2C =1. - alphaC;

kkA = frac+kkO xalphaA / 2;; kkB = frac*kk0=+alphaB/ 2z;
kkC = frac xkk0 xalphaC/ 23;

kkBb = n; *alphaB; kkCc = n3 »alphaC; ;

MAIN CALCULATION LOOP
ii = gstart /tstep; k=0;
XNOwW = xnow0;

cellactvA = ConstantArray[0, {nvert, ncells}];
cellactvB = ConstantArray[0, {nvert, ncells}];
cellactvC = ConstantArray[0, {nvert, ncells}];

effic = ConstantArray[0, {nvert, ncells}];
countCW = ConstantArray[0, {nsteps, 3}];
Monitor|[

Timing [

Do[ ii = ii + 1;
cellactvA = kkA *QinA[[ii]] +alpha2A xcellactvl;
cellactvB = kkB* QinB[[ii]] + kkBb * cellactvA + alpha2B * cellactvB;
cellactvC = kkC* QinC[[ii]] + kkCc * cellactvB + alpha2C x cellactvC;
Do[ If[xnow[[i, j]] 2 -xleft[[i]], xnow[[i, j]1] = xleft[[i]];

cellactvA[[i, j1] = 0.;
cellactvB[[i, j]] = 0.;
cellactvC[[i, j1] = 0.; 1,

{i, 1, nvert}, {j, 1, ncells} 1;

effic = efficCW[ xnow, ynowO ];
XNnow = xnow + dx;
countCW[[ii, 1]] = Total[ effic*cellactvA xarearatio, 2 ];
countCW[[ii, 2]] = Total[ effic*cellactvB«arearatio, 2];
countCW[[ii, 3]] = Total[ efficxcellactvCxarearatio, 21]; ,
{t, gstart, tmax, tstep}
] ] '
ProgressIndicator[ii, {1, nsteps}] ]
countCW = countCW + bkglevel;

Add Poisson noise, EWMA filter, find simulated countrates

countdataA = Table[countCW[[i, 1]] *tstep, {i, 1, nsteps}];
countdataB = Table[ countCW[[i, 2]] *tstep, {i, 1, nsteps}];
countdataC = Table[ countCW[[i, 3]] *tstep, {i, 1, nsteps}];
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noisycountsA = Table[ RandomInteger [PoissonDistribution[ countdataA[[i]] ] ], {i, 2, nsteps} ] ;
noisycountsB = Table[ RandomInteger [PoissonDistribution[ countdataB[[i]] ] 1, {i, 2, nsteps} ] ;
noisycountsC = Table[ RandomInteger [PoissonDistribution|[ countdataC[[i]] ] ], {i, 2, nsteps}];

countrated = ExponentialMovingAverage[ noisycountsA, alfa] /tstep;
countrateB = ExponentialMovingAverage [ noisycountsB, alfa ] /tstep;
countrateC = ExponentialMovingAverage [ noisycountsC, alfa ] /tstep;
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Chapter 8

Integrated-Count Processing for Fixed-Filter
Continuous Particulate Air Monitors

Health Physics, 111(3), September 2016, 290-299

A calculation for estimating concentrations of long-lived airborne particulate radioactivity using fixed-filter continuous
air monitors was given in an ISO standard. The method uses counts integrated over relatively long time intervals, rather
than the "instantaneous" countrates that in digital systems are evaluated using much shorter time intervals and some
form of variance-reduction filtering. This article presents three ways of deriving and interpreting this calculation, based
on previously-published mathematical models that are themselves derived from first principles. The method is also
extended here to apply for short-lived activity. Some statistical properties of the estimator are discussed, including its
time-dependent variance and the presence of strong autocorrelation in the concentration estimates. An interactive
simulation was used to examine the performance of the concentration estimation, using physically-plausible
concentration time-dependence profiles; example plots are provided. The conclusion of these studies is that the method,
as modified herein, can perform remarkably well in providing periodic average-concentration estimates for both long-
and short-lived activity, and it should be considered an appropriate method in those situations where the tracking of a
time-dependent concentration is deemed necessary. However, for personnel protection purposes the estimation of the
time integral of the concentration is more useful, since it is directly proportional to a worker's inhalation uptake. This
time integral can be found directly from the monitor response, without the estimation of the concentration at many time
steps as is done with the method discussed here.

Introduction

Methods for the modeling and interpretation of the responses of continuous particulate air monitors (CPAMs) have been
available for many years (Evans 2001a, 2001b). Most of these techniques rely on the use of some estimate of the
"instantaneous” countrate from the monitor detector. In older analog systems the countrate was developed using an RC circuit,
while in more modern digital systems this can be done by accumulating counts in a register for a few seconds and then
applying some form of variance-reducing digital signal processing (filtering).

It is possible to estimate the dynamic, time-varying concentration (input) from the monitor response (output), in some
circumstances. Why this would be necessary is not obvious, since the time integral of the concentration is more useful (it has a
direct proportionality to the uptake of an exposed worker). It is important to recognize that the time integral of the
concentration can be estimated from the monitor response, for fixed-filter CPAMs, without ever directly estimating the time-
dependent concentration itself (Evans 2001b).

There was an ISO standard (originally issued as ISO 2005a and since revised as ISO 2010; cited in Lu and Whicker 2008) that
contained a method for estimating concentrations for a fixed-filter CPAM; this method was restricted to long-lived activity.
Although others have used it as well, for convenience this calculation will be referred to below as the "ISO method." The
calculation does not use any form of countrate processing, but rather integrates counts over relatively long time intervals, much
as would have been done decades ago with analog scalers. This leads to an average countrate over the integration interval. The
integration interval is not specified, but at shorter intervals the integrated counts would be so small that the variability of the
concentration estimate would be unacceptable. Since no variance reduction is provided, it is inferred that the integration
interval must be relatively long, on the order of at least several minutes.

The purposes of this article are: (a) to derive the ISO method from available first-principles models and quantitative methods;
(b) to extend it to apply to short-lived activity; (c) to characterize some statistical properties of the concentration estimates; (d)
to study the method's performance against concentration profiles that are representative of those found in real-world
compartmental systems. The latter means profiles that are sums of exponentials, continuously changing, as opposed to the
"stairstep” or "square-wave" profiles often used, which, unrealistically, jump instantaneously from one constant level to
another.
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Discussion

Using notation consistent with earlier published work on CPAMs, the ISO concentration-estimation relation can be written
G _C.
3 G -C, _n n G-C,

- — - , 1
FkOE, 1 EKPE,  EkOF, i W

where £ is the average detection efficiency', cpm/dpm; & is a units reconciliation constant; ¢ is the filter collection efficiency;
F,, is the monitor flowrate, m3/min, here assumed constant over the integration interval #, minutes; C is integrated (or

"accumulated") counts; C is countrate, cpm; Q is concentration, Bq/m3 . The "hat" over Q means that it is an estimate. All
countrates and integrated counts are assumed to be net, background/interference corrected. This estimator is restricted to long-
lived (LL) activity only.

The ISO equation actually uses the sampled air volume, which could in principle allow for a time-dependent monitor flow rate,
which then presumably is assumed to be integrated by the instrument, to give the volume. However, the development below
will assume a constant flow rate, since its time-dependence, if any, is in general unknown. Also, the flow rate need only be
considered constant over intervals of at most tens of minutes.

It is not clear whether this concentration estimate is to be interpreted as an average, or as a point value at some specific time.
The calculation in eqn(1l) is to be "slid along" as time progresses, so the notation implies that the concentration is a point
estimate ("instantaneous," as opposed to an average over an interval), evaluated at the end of the i-th interval.

The countrates in eqn(1) are estimated not via some form of processing such as presented in eqn(4) of Evans 2001b but rather
are based on counts integrated over comparatively long times. Again, countrate algorithms use short time intervals, on the
order of a few seconds, to accumulate counts in a digital register, and then these counts are processed with some form of
variance-reduction digital filtering. The ISO calculation uses time intervals on the order of several minutes, and does not apply
any variance reduction processing.

The two countrate estimates needed in eqn(1) require integration of counts across two time intervals. However, the sequential
nature of this calculation is such that the next concentration estimate will become available at the end of the next integration
interval, of length #, even though the calculation requires a time interval of 25. The fact that, in this sequential processing, a
given observed integrated-count value is used in two adjacent concentration estimates has statistical consequences, to be
discussed below.

It is essential to understand that the countrates estimated in the numerator of eqn(1) are averages over the respective integration
intervals. For example, the counts C; accumulated over the interval ¢, to ¢, for a FF monitor will be (Evans 2001b)

C =C(1—1,) = rgwj 0(c) F, (t)e ™ dr ar + jzc'oe-ﬂfdt, @
f 0 f

where / is the decay constant of the activity of interest, in min™', and CO is the (net) countrate at time zero.

Figure 1 is a sketch showing the relationship of the time labels to the integrated counts. The time ¢ in eqn(2) is measured in
minutes from the time at which the monitor flow was started after a filter change, which also means that the initial-condition
(net) countrate is taken to be zero. Thus, the zero time is considered known; it is not, as might be thought, the unknown time at
which a concentration transient begins”.

The detection efficiency is the product of the intrinsic and geometric efficiencies; the latter is not constant across the detection region and must be averaged
over this region. This averaging corrects fixed-filter responses exactly, while it is only approximate for moving-filter monitors.

2 The latter is important, however, in the analysis of moving-filter CPAM responses (Evans 2001a).

8-2



Particulate Air Monitoring Mathematical Sourcebook

5000
4500
c 4000 : C
g : C] 2
o 3 S
T 3500 3
c -
3 :
3000 :
D - B —
2500 ’] : ’7 ;
:t . :
2000 = 1 - tz - t3
10 15 20 25 30
Time, min

Fig. 1 Sketch of time intervals and integration regions. C is integrated counts.

As stated above, it is assumed that the monitor flowrate is constant over the integration interval, so that eqn(2) simplifies to
CIEC(t1—>t2)=I ELF, ¢IQ ) gz dr 3)

The average countrates over the intervals ¢, to ¢, and ¢, to #; will be

CTl:C(tl_”z):Q C_'zzc(tzﬁtz):

C,
(t2_tl) n (tz_tz) n

Derivation Using Numerical Derivative

In eqn(1) is an expression that appears as though it might be an attempt at a numerical, first-backward-difference derivative. It
is well known that the differential equation for the time-dependent countrate of a fixed-filter monitor is (e.g., Evans 2001a)

‘;—f = EkF,¢0(t)- AC(t) . @)

t

The ISO formula is explicitly restricted to long-lived (LL) nuclides; it is seen immediately from eqn(4) that for LL nuclides
(small value of 1) the instantaneous rate of change of the countrate at any time is proportional to the instantaneous
concentration existing at that time. Thus, perhaps eqn(1) could be re-written as

AC
At

~ EkF,00(t,) . (5)

From Fig. 1, time ¢, is the midpoint of the ISO calculation interval. The problem with this interpretation is that the interval Az
is, presumably, much too large to be considered a differential, in the calculus sense. The only way to make use of eqn(5) as an
approximation to eqn(4) is to assume that the countrate is (essentially) linear over the interval A¢, so that the slope is
(essentially) constant. That is, if the slope is not changing rapidly, then a wider 4t interval (on the order of minutes rather than
seconds) will still provide a reasonable first-derivative estimate.
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From this point, the restriction to LL nuclides will be lifted, so that
AC

N + AC(t,) = EkF, ¢0(1,) (6)

will be the relation to develop. Since the ISO countrate estimates are averages, eqn(6) can be expressed as

Cz — Cl

At
The first two countrates on the LHS of eqn(7) are averages, for which there are estimates, while the third is an "instantaneous"
value, for which there is not yet an estimator. (The ISO method's LL restriction eliminates the need for this "instantaneous"

countrate.) At this point there are two problems to solve: (1) What is the appropriate time interval 4t to use for the difference of
these two average countrates, and (2) How is the countrate at time #, to be estimated?

+AC(t,) = EKF,$0(t,) . 7

It can be shown with elementary algebra that under the linear-countrate assumption the average countrate value will occur at
the midpoint of its respective integration interval. Both intervals are of width 7, so the time difference 4z will also have value 7.
Since the time difference between each of the successive time markers ¢; t, t;is also 7,

Cz_ Cl
2

n

The remaining problem is how to estimate the countrate at the estimation midpoint, ¢, , given only the integrated counts in the
two adjacent time intervals. For this, consider Fig. 2. The counts integrated in the indicated intervals, under the linear-countrate
assumption, will be, from geometry (area of a trapezoid)

¢=2[Cw) + )] G=T[Cw)+ )],

38000

+ AC(1,) = EkF,00(1,) . ®)

38000

34000

Countrate, cpm

32000

30000
25

Time, rmin

Fig. 2 Sketch showing trapezoidal areas, which, under the local-linearity assumption, approximate the areas
for the integrated counts. This countrate trace is deliberately exaggerated to show these regions better; in
most cases the curvature is so small that the trapezoidal area is for all practical purposes the same as the
actual area. Even here the fractional difference in area is quite small.

Rearranging and adding the two equations,

%(q+ C,) = C(t,) + C(r,) + 2€(t,) .
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from which

At this point recall that, with the linear-countrate assumption, the average of the two endpoint countrates will be the countrate
at the midpoint of the overall calculation interval (of width 27). Then the second term in the expression above is the countrate
at time #,, and using this leads to

. C+C
C(tz)z 12—772 s 9

which is just the total counts divided by the total time. (In the figure, due to the high curvature used for illustration, this
estimate is a bit low.) Using eqn(9) in eqn(8),

C,-C, C+C,
=2 1 4 20 2 = FkF t),
772 277 m¢Q(2)

which, with some rearrangement, leads to the final result for this interpretation of the ISO calculation; namely, as the estimated
concentration at the midpoint ¢, of the estimation interval ¢, to t;, not a point estimate at the endpoint time #;, as implied in

eqn(1):

~ . (10)

Note that for LL activity this collapses to the form

A C,-C
h)=——"-.
00) =220

which amounts to eqn(1). Even though this concentration estimate applies at the midpoint 7, , it is not available until time ¢;,
which is taken to be the current time. Then the time assignment of this concentration estimate as a practical matter would be at
the clock time corresponding to time #;, since it was unavailable at the clock time corresponding to time #, .

Uncertainty and Autocorrelation

An estimator for the uncertainty in this concentration value can be found using well-known propagation of uncertainty
methods; the result for the variance of the estimated concentration is

2 2
C2(1+/21J + Cl[l—/;j
Var[0] = —1 7

(EkF, ¢ n)’

; (1)

since the integrated counts C will be Poisson distributed, and the mean and variance are of course equal for this data. This
expression ignores the variances of the system parameters (average detection efficiency, flowrate, etc.), and in some situations
these variances (and any possible covariances) should be considered and included in the uncertainty calculations.
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While long-term constant concentrations are of little practical interest, they are useful in exploring the statistical behavior of an
estimator such as eqn(10). Using an analytical model for the countrate response to a constant concentration Q, of activity of
any half-life (from Evans 2001a), starting from a clean filter at time zero the countrate at any time thereafter will be:

. _ EKE, 00,
Clt)=—2——|1- —At) |.
()= L2 [~ exp(-ar)]
Integrating this over two adjacent intervals, each of width 7,
t=n . t .
C :j C(r)dr G, :j C(r)dr .
1-2n =1

where 7 is a dummy integration variable. Using the results of these integrations in the variance expression eqn(11) results in an
algebraically-complicated function, the limit of which for LL activity can be shown to be

A 20,
Var[Q] = ——= (t - t>n. (12)
1= F on (t =) 7
For short-lived (SL) activity, as time increases the variance approaches
71 — 9 2.2
Var[Q] = —2—— (4+ A7) | (13)

2¢kF, gAm

and for, e.g., Rb-88 this variance level is attained after about two hours. Figs. 3 and 4 show the results of Monte Carlo
simulation of the concentration estimation process, with lines showing the bounds for a "two-sigma" region, created using plus
and minus two times the square root of eqn(12) or eqn(13). These bounds should contain about 95% of the observations. The
fraction of observations, for a sample size of 15000 estimated concentrations, outside these bounds was very close to 0.05, in
repeated experiments, at various concentration levels.

Estimated LL concentration, Bg/m3
-200 0
| |

Known concentration 50 Bgq/m3 ... . N :- .

T T et T
0 5000 10000 15000

Integration-interval number (5 min each)

Fig. 3 Monte Carlo results for LL activity. The solid line represents an approximate 95% bound on the observations,
based on eqn(12). Each dot represents one estimate of the constant LL concentration, with an integration interval of five
minutes (so that the concentration averaging is done over ten minutes
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Estimated SL concentration, Bq/m3
50 60 70

40

Known concentration 50 Bg/m3

30

T T T T
0 5000 10000 15000

Integration-interval number (5 min each)

Fig. 4 Monte Carlo results for SL activity, similar to Fig. 3. The 95% bounds, from eqn(13), reach their limiting value
very quickly on this time scale. There is actually some curvature in these bounds at early time values, that can be seen
better in other figures

It is clear from eqn(12) and the evidence from the Monte Carlo experiments that the variance of LL concentration estimates
increases with time, measured from the last replacement of the filter. This is due to the continued accumulation of activity on
the filter; the concentration estimate is taking the difference of larger and larger numbers as time progresses’. For SL activity,
on the other hand, the countrate reaches equilibrium and thus the concentration variance approaches a constant value.

Since adjacent concentration estimates use common data (C, for the current estimate is exactly C; for the next one), it should
be expected that these estimates would be autocorrelated. The Monte Carlo simulation generates many thousands of
concentration estimates; these do in fact show a very strong serial correlation, for both LL and SL activity. In the notation of
the time-series literature (see e.g. Box and Jenkins 2008), the sequence of estimates follows an MA(1) process, with a negative
autocorrelation coefficient.

MA stands for "moving average" and the "(1)" means that the serial correlation applies to "lag 1," i.e., immediately-adjacent
values of the time series. The MA(1) process is also referred to as a "first-order moving average" random process. The
identification of this process in the Monte Carlo output data, using standard time series analysis methods®, is very clear and
unambiguous. Similar analysis of output data from the full simulation (discussed below) also shows the MA(1) structure,
although with much smaller sample sizes in those runs, the identification is more ambiguous.

The effect of this autocorrelation is to produce a rapid, high-frequency fluctuation in the concentration estimates as time
progresses. This can be seen in Figs. 5, 6, and 7 where the "zig-zagging" of the estimates is evident; a higher value is followed
by a lower one, and vice-versa. The negative correlation, and resulting high-frequency variation, is caused by the subtraction of
the common integrated-count value. That is, in the current time step, observed count C, has a positive value in the ISO
calculation, while in the next time step that exact same count result becomes C; and has a negative value (it is subtracted).

3 This effect was noted in the discussion of eqn(22) in Evans 2001b.
4 Plots of the autocorrelation function (ACF) and partial autocorrelation function (PACF) are used to identify a time series model.
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Fig. 5 This simulation run output shows the negative-autocorrelation effect of alternating high/low values. The dashed
lines define the approximate 95% region. The monitor parameters (used in all plots) were: average detection
efficiency, 0.2 cpm/dpm; monitor flowrate 0.001 m’/s; collection/retention efficiency phi, 1.0.

SL activity Integration time =3 min
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Fig. 6 Output of a simulation run the same as that in Fig. 5, but for SL activity (Rb-88). The autocorrelation effect is
still noticeable. Time series analysis of the Monte Carlo data shows that both LL and SL have the MA(1) structure.

pgm = singleexpoBW (first version)
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LL activity Integration time =3 min
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Fig. 7 Another example of the autocorrelation effect, for a time-varying concentration profile.

The practical consequences of this autocorrelation would be in the estimation of the variance of a sequence of these
concentration estimates, perhaps as part of a concentration-change detection scheme. Such a scheme would be difficult to
implement in any case, due to the time-dependent variance of LL activity. Autocorrelation has a significant impact on the
estimation of the variance of a random process, and this must be taken into account. (See, e.g., Box and Jenkins 2008, p. 31;
Law and Kelton 1991, p. 284.) However, this serial correlation should not have any effect on the estimated variance of an

individual concentration estimate, using eqn(11).

Derivation Using the "Five-Minute Rb88 Method"”

Another way to look at eqn(1) is to interpret it as an implementation of eqn(22) of Evans 2001b. This finds an average
concentration over relatively short time intervals, e.g., five minutes, and applies for both LL and SL activities. Like the ISO
calculation, it can be moved along in discrete steps across time, and this was demonstrated in Figures 8-10 of that reference.
The countrates required by this estimation method are provided by a short-time-step (a few seconds) countrate processing
algorithm, not by integrating counts over relatively long time intervals. Again, the latter provides an average countrate, while

this Rb-88 method’ requires "instantaneous” countrates.

It is shown in Evans 2001b that the average concentration over an interval 0 < t < # is estimated by

Q=ﬁ[é(n) - ¢(0) | +1J‘:C"(t) dr . (14)

This calculation can be moved along a time span in a manner similar to eqn(1), so that, averaging over an interval from #; to #;,

0 = ngm;(t3_tl) [C(t) = ¢) ]+ [ oy ar

5 See Evans 2001b for the reasoning behind this terminology.
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The time that might be assigned to this average is somewhat arbitrary, since the average can be considered to apply across the
entire averaging interval. However, as with the derivative interpretation, the estimate itself is only available at time ¢; .

Returning to the ISO calculation, the integral in eqn(14) is the total counts obtained, so that

1

0 :W[c(g) - C(1) ] + AC+C,). (15)

Now the problem arises, similar to the discussion in the previous section, as to how the two countrates in the expression above
are to be estimated using only the ISO-available integrated counts (rather than countrate-processing algorithm outputs, as
originally intended). It is not mathematically legitimate to simply replace the instantaneous countrates in eqn(15) with the
averages from the ISO method. The countrates in eqn(15) are at the endpoints of the averaging interval (#; to ¢;), while the
average countrates occur (i.e., match the actual time-dependent countrate value) somewhere inside that interval. What is
needed is some relation between the difference of the endpoint countrates and the difference of the average countrates.

Once again, the linear-countrate assumption saves the day. With this, it can be shown by a geometric/algebraic development
very similar to what was done in the derivative section above, that

(n) - €(1) :2{% _ %}

and this says that, for a linearly-varying countrate, the difference of the endpoint countrates is twice the difference of the
average countrates. Using this in eqn(15) and rearranging,

oied)-o(i-4
n_2 n_2

0 = — : (16)

which looks very much like eqn(10). However, it is important to note that with this Rb-88-method interpretation of the ISO
method, the estimator eqn(16) is for the average concentration over the interval #; to #; . In eqn(10) the interpretation was of a
point estimate at time f,. Finally, the uncertainty and autocorrelation aspects discussed in the previous section also apply here;
all that has changed is the interpretation of the concentration estimator.

Derivation Using the "Eberline” Equation

The ISO use of integrated counts brings to mind eqn(30) of Evans 2001b, the "Eberline" concentration estimation method,
which provides an estimate of the concentration given by

- A C(n)
ekF,p{An-[1-exp(-An) |}

0, =

where C(n) is the integrated count during the interval 5. This approach uses resets of the system every so often, based on a
control law. That is, the fixed filter is advanced and the calculations are reset. The ISO method uses differencing rather than
resetting. The question is, could the Eberline equation function correctly if the filter was not advanced, and differencing was
used?

The Eberline method assumes a constant concentration over the integration interval; since that interval is usually relatively

short, this assumption is reasonable in some applications. As was demonstrated in the reference this approach can estimate
time-varying concentrations quite well. Applying the mathematics of eqn(30) to the ISO situation, that is, using differencing of
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integrated counts rather than the resetting that was the original design, results, after considerable effort, in the concentration
estimator at time #; (again, this is the current time):

Q(t)— /12 [Cz_Cl]
o\’3) — — _
EkF, g1+ e (e -2)]

, a7)

and for LL activity (taking the limit as A approaches zero) this is

0,(1) =2
EKF, on
m

This is indeed eqn(1), now with the interpretation of a constant concentration, held constant over the integration interval.
However, when implemented in a simulation eqn(17) fails for SL activity, since the countrate can reach equilibrium, remaining
constant, so that the successive count differences are zero. This does not happen in eqn(10) or eqn(16), due to the
multiplicative factors in the numerators. Thus this interpretation of the ISO method will indicate a zero concentration when the
actual concentration is nonzero, which is of course unacceptable. It is therefore concluded, due to this lack of generality, that
the Eberline method operated in a "differencing” mode does not provide an acceptable interpretation of the ISO calculation.

Countrate Curvature

The assumption of (approximate) linearity of the countrate was necessary in the developments above. Since the countrate of a
fixed-filter monitor is the output of a first-order system, whose forcing function (i.e., the concentration) is itself usually the
response of a low-order compartmental system, and thus mathematically "smooth," it could be expected that the countrate
would in general also be a mathematically-smooth function of time. Such functions can be well approximated by a linear
expansion over (relatively) small time intervals. These intervals need not be differentials, that is, extremely small; intervals on
the order of a few minutes are acceptably small if the function (countrate) is reasonably smooth.

It has long been observed in CPAM mathematical modeling that countrate traces (graphs) do not show abrupt changes or
discontinuities. See, for example, Figs. 9-15 in Evans 2001a or Figs. 4, 12, 13 of Evans 2002. In fact, for LL activity, the trace
cannot decrease, and is usually a smooth (often linear) increase, or it may reach a limiting value and then remain constant. A
countrate increase may be quite rapid, but it is still essentially linear. Thus, for LL activity the assumption of nearly linear
countrate traces over modestly-sized time intervals (up to, say, 10 or 15 minutes) is entirely reasonable.

For SL activity, some concentration profiles do result in a countrate "peak," where there is a definite curvature of the countrate
trace. However, this maximum does not often occur over very short time intervals, so that a linear approximation is still
plausible; see Fig. 2. Even if there is significant curvature in the SL-peak case, the only implication is that the concentration
estimates near the peak will be incorrect, if the concentration-estimation integration interval is too large. This estimation bias
likely would be overwhelmed by the uncertainty of the estimate. In any case, even if there is some bias in these situations, there
is no known regulatory, nor practical, requirement to track time-varying concentrations to a high degree of accuracy.

One way to demonstrate the reasonableness of this local-linearity assumption is simply to show that the modified method does
produce remarkably good concentration estimates for physically-plausible concentration profiles, especially those that are
continuously changing. This good performance should not be possible unless the conditions under which the method was
derived were met, and that of course includes the countrate linearity assumption. Such demonstrations will be presented in the
next section.

Example Plots

The numerical simulation discussed in Evans 2001a was adapted to include the ISO calculation, for testing purposes. This
simulation finds the monitor responses by solving sets of differential equations; it does not use the analytical models presented
in that reference; in fact, it was created as an independent test of those analytical solutions. This interactive simulation permits
the adjustment of a variety of parameters, especially those controlling the concentration profile.

811



Particulate Air Monitoring Mathematical Sourcebook

The simulation handles activity of any half-life, and for SL activity Rb-88 is generally used (18 minute half-life) since this is a
commonly-occurring particulate fission product. The simulation also produces plots of the integrated counts as they
accumulate, and plots of the actual monitor countrate (these are not presented here). The simulation runs at a small time step,
intended to emulate a digital monitor; five seconds is the usual setting. Poisson "noise" can optionally be added to the counting
data.

The plotted output includes the concentration estimate, its "error bar" (plus/minus one sigma), a short line behind the point,
indicating the period over which the averaging was done, i.e., the integration intervals, and a short line ahead of the point
indicating the time during which that estimate applies, until the next one becomes available. Also shown are the plus/minus
"two-sigma" bounds that result from using the known concentration level and the known (noise-free) counts with the square
root of the variance expression, eqn(11).

For testing the ISO method, two basic concentration profiles were used: (1) an exponential decrease from an initial value; (2)
the concentration behavior in a single compartment with first-order losses and constant-level sources turning on and off at two
different times (Evans 2002). Adjustments of these profiles produced a wide variety of test situations, against which the ISO
method was exercised. In no case did the method fail to produce reasonable estimates of the time-dependent concentration. In
short, it performed remarkably well.

Figure 8 shows deterministic (no Poisson noise in the counts) concentration estimates for the compartmental system, for LL
activity. There are two source "events," illustrated by the rectangles at the bottom of the plot. These sources are scaled
arbitrarily to fit onto the plot region, although their relative heights are proportional to their input levels. These sources are
active for relatively long times, in order to allow the concentration profile to develop.

LL activity Integration time =5 min

450 |

400 —|

350

300

250 |

200 —|

Concentraton, Bq/m3

150

100 ==

o T T T T T T T T T T
[ 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Time, minutes

Fig. 8 Simulation output for a single-compartment system, driven by an intermittent source term (rectangles). This no-
noise run shows the tracking ability of the estimation. Note that, although the source term is a "square wave" the
resulting concentration time-dependence in the monitored compartment is exponential. The source rectangles are
scaled arbitrarily to fit on the plot, but have correct relative heights.

One interpretation of this situation, if the source-active times were much shorter than in this figure, might be the sudden lifting
of a pressure relief valve, which stays open for some time, and then abruptly closes. As the pressure builds up again, this could
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be repeated many times. The rate at which activity is injected into the compartment could remain constant while the valve is
open. The point is that even though the source term driving the concentration behavior in the compartment is discontinuous and
could be considered a "square wave," the resulting concentration in the compartment is continuous and will be defined by sums
of exponentials.

In Figure 9 is the same situation, but with Poisson variability added to the counts. Note that the variability of the estimates
increases with time. Figure 10 shows this situation for SL activity, **Rb. In this case, the decay of the *Rb acts as another first-
order loss term, in addition to those for HVAC dilution/filtration and plateout. Thus the system reaches equilibrium faster, and
also the rate of removal is faster. Note also that the 95% bounds are narrower and they do not increase in width with time,
unlike those in Figs. 8 and 9. The increase of these bounds toward their limit, given in eqn(13), can just be seen at the early part
of the run. The width of the bounds remains constant after about 120 minutes.

LL activity Integration time =5 min

450 —

400 —

350 -

300 —

250 —

200 —

Concentraton, Bq/m3

150

100 oo

50 —

Time, minutes

Fig. 9 Same setup as Fig. 8, but with Poisson noise added.

SL activity Integration time =5 min

250 |
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Time, minutes

Fig. 10 Also the same setup as Fig. 8 but for SL (Rb-88) activity. Note that decay is a loss term from the compartment,
so that the buildup and decrease of the concentration are both faster than when only other first-order losses (e.g.
dilution, plateout) are considered.
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LL activity Integrationtime =5 min
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Fig. 11 The same case as Fig. 8, but an expanded view. It can be seen that the average concentration, at the midpoint
of the averaging interval (horizontal dashed line segments), is nearly equal to the concentration at that same time.

Figure 11 is the same as Fig. 8, but zoomed in to see the behavior of the estimates more clearly. It can be seen that the average
value of the concentration over the interval shown by the dashed horizontal lines nearly matches the level of the concentration
at the midpoint of the averaging interval. This effect has been observed in many test runs and other mathematical analyses. It
appears to result from the fact that, similar to the countrate, the concentration is essentially linear over reasonably short time
intervals. However, the implication of this is that the current estimate of the average concentration over the last (e.g.) ten
minutes was the actual concentration five minutes ago. It is not clear that this information, while interesting, has any practical
use.

Conclusion

It has been shown that a relatively simple calculation such as the ISO approach for estimating a concentration from a fixed-
filter CPAM response can lead to several different interpretations. This estimator might be considered a new "quantitative
method," but it appears that it is not, since it can be derived from other, previously-published methods. The difference is in the
implementation, notably the use of simple countrate integration (and, implicitly, averaging) rather than the estimation of an
"instantaneous" countrate via digital signal processing. The latter approach is especially appealing today, with so much
computing power readily available and affordable.

After applying the modification that permits the estimation of concentrations for SL activity, considerable exercising of this
method in simulation studies has shown that there is no doubt that the method works. However, these studies also demonstrated
that this method produces concentration estimates that are strongly autocorrelated, and for which the variance increases with
time elapsed since the filter was changed (LL activity). These are not desirable properties.

Again assuming that it is for some reason important to attempt to track a time-varying concentration, rather than directly
estimate its time integral, further work will need to be done to optimize the integration-time parameter of the calculation. This
will need to consider the usual tradeoff of response time against some form of variance reduction. The latter can be done with
what amounts to finite impulse response (FIR) filtering; this combines several concentration observations into a new
concentration estimate (Lu and Whicker 2008).
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Another approach is to use infinite impulse response (IIR) filtering; this is recursive, such as the exponentially weighted
moving average (EWMA) or its adaptive version (AEWMA), both discussed in Evans 2001b. There, this filtering was applied
to countrate estimation, but it can just as well be used for variance reduction of the concentration estimates. In fact, the EWMA
filtering approach has been implemented and tested on the ISO method, and it does work as expected. The variance of the
concentration estimates is reduced, which is particularly useful at shorter integration times, but this is at the price of lagging a
changing concentration profile.

Which form of filtering will work best, and with what filter parameters, with simultaneous regard to transient response and
variance reduction, remains to be studied. One approach to this study might be to use a root-mean-square error measure; this
would reflect both bias (violation of assumptions; lag) and statistical variability. Such tests should use physically-reasonable
concentration profiles, notably, those with continuously-changing concentrations.

Based on the work reported here the ISO calculation can be interpreted in the following ways:

(1) as a point estimate of the concentration at the endpoint of the second integration interval;
(2) as a point estimate of the concentration at the midpoint of the two integration intervals ;
(3) as an average concentration across both integration intervals;

(4) as an estimate of a constant concentration across both integration intervals.

Of these the most appealing is (3), since the idea of averaging a time-dependent concentration across an interval of perhaps
tens of minutes seems more reasonable than assigning a concentration value to one specific time point in that interval, or of
assuming it to be constant over the interval. The averaging approach, or interpretation, only requires the countrate over the
integration intervals to be (nearly) linear, and this is not a particularly limiting assumption.

The usefulness of a concentration-tracking ability, as evidenced for the ISO method in Figs. 8-11, would be in the dynamic
estimation of personnel inhalation uptake, especially in circumstances where the concentration is changing significantly during
the worker's exposure. The idea is to use the monitor to control the uptake during the episode rather than assess the uptake after
the fact. The ISO concentration estimates generated (e.g., every 5 min) are to be multiplied by the counting time and summed
in what amounts to a numerical integration, the result of which will be proportional to the worker's inhalation uptake.

However, in eqn(19) of Evans 2001b we have a direct-integration alternative to the ISO numerical method, for a dynamic, real-
time estimate of worker uptake U(?) at any time ¢ after an arbitrary start time ¢, , with constant breathing rate F, , namely

ca)-cm)+zfcuyn

U@:gigumf: T

This says that all that is needed to estimate the uptake that has been integrated from some start time up to the current time is to
subtract the (net) countrate at the start time from that at the current time ¢, and, for SL activity, also use the total net counts
integrated over this time interval. This interval need not be short, it can be of arbitrary length (e.g., a work shift of several
hours). Knowledge of the time when any concentration transients started or ended, or their profile, is not required. The start
time ¢; could, but need not, coincide with a clean-filter restart of the monitor.

A comparison of these two approaches was briefly explored, and it was demonstrated that both can perform acceptably in terms
of tracking ability and variance reduction. The latter was somewhat surprising for the ISO method, since that would involve
adding up a large number (e.g. every 5 min over an 8 hr shift is 96 terms) of autocorrelated terms that have variances which
increase with time, so that the summation of these terms might be expected to have a very large variance, to the point where the
uptake estimate would not be of any practical use. As it happens, this "variance explosion" does not occur, due to a
telescoping-series or cancellation effect in the summation, such that the resulting sume amounts to only the first and last terms.
In any case, a full exploration and comparison of the uptake-control capabilities of the ISO and above equation methods is
beyond the scope of this work and needs further research.
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Chapter 9

Reactor Coolant Leakage Rate Estimation

Unpublished

Detection of reactor coolant leakage is discussed in Regulatory Guide 1.45, in which it is stated that particulate air
monitors are an acceptable method for detecting an increase in coolant leakage rate. In this paper a method is
presented for the use of fixed-filter and moving-filter continuous particulate air monitors for not only the detection, but
the estimation of the magnitude of increased coolant leakage. Following the standard ISA-67.03-1982, a well-mixed,
single-compartment containment is assumed, with a step increase in the coolant leakage rate over some nominal,
equilibrium leakage. The ®Kr-*Rb decay chain is used, with the $Rb observed by either a fixed- or moving-filter
monitor. Models are developed for the time-dependent concentrations of these nuclides in containment, and from those
the countrate responses of these monitors are found. The countrate models are in turn used to estimate the leakage
rate from the observed monitor response, once a threshold has been crossed, using nonlinear estimation. The
threshold (setpoint) calculation takes into account the autocorrelated nature of countrate data. A simulation study was
performed, using a prototype implementation of these concepts, and the leakage rate was found to be estimated to
within about 20% for leakage rates varying from 0.1 to 1.5 gpm, with a delay time of about 20 minutes after the
threshold crossing.

Introduction

This chapter concerns the use of RW CPAMs for Kr-Rb leak detection. Mainly, can the leak rate be estimated from observed
cpm, esp for RW? This is the Reg Guide 1.45 situation- a leak of ®*Kr into containment, at some leakage rate, with some
primary coolant concentration. The ®*Kr decays to *Rb in the air, and no **Rb is directly released. Note that this same pathway
can be the case for ’Cs and '**Cs (Xe precursors). So when we say Kr-Rb here, it could also be Xe-Cs. The first step is to find
the dynamic behavior of the containment **Rb for this situation; then that is used to "drive" the RW monitor. Linear systems
modeling is used for the concentration dynamics. Laplace transforms could be used to find the FF response, but it will be
contained in the RW response.

Rb, is the “effective” removal rate for 88Rb, including decay, plateout, and filtration. Sk, is the source term of 88Kr; the leak rate
times the coolant concentration times the partition factor. The Qg, found is then the u(t) for the RW ¢ < L /v countrate solution
(this assumes no countrate contribution from the Kr). If there is no Rb loss other than decay, a separate solution is required. The
matrix exponential solution will find this directly; the A matrix will be different for this case but the rest of the solution steps
are the same.

Source (Concentration) Modeling

Linear Systems Approach: Single Compartment

Assume a reactor coolant liquid leak that "instantaneously" mixes uniformly into a single-compartment containment volume,
with a recirculating filtration HVAC operating. The ordinary differential equations (ODE) that govern the Kr-Rb system are

da,, /)
=T, Wy — Ok — PO — Ok 50,
dt 1% (1)
da f
_d:h =Tqp Vi +40% — Ay = ProOiy — O, VHaRh

where:

activity, Bq;

liquid leakage rate, m’/min;

reactor coolant concentration, Bq/m3;

partition factor (fraction of activity in liquid phase that becomes airborne);

<R N
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A decay constant, min’’;
plateout factor (fraction of airborne activity that deposits on surfaces);
© filtration efficiency;
fa HVAC recirculation volumetric flow rate, m3/min;
V containment free-air volume, m’

Under uniform mixing, the concentrations Q(t) are just these activities a(?) divided by the volume V. Clearly, instantaneous
mixing is not physically possible; in fact the time-dependent concentration for a single well-mixed compartment would follow
an exponential buildup, controlled by the air exchange rate of the HVAC recirculation. However, for the present purpose, this
initial mixing-time delay will be ignored.

The next step is to recognize that some of the parameters in the general eqn(1) are either exactly or effectively zero. These
parameters are: (1) the plateout rate of Kr; (2) the filtration efficiency of Kr; (3) the partition factor of Rb, which does not
become airborne directly from the liquid. Then the system can be re-written as

do

Kr

=TI -,
dt qu l//Kr Kr™~"Kr (2)

day, Su
dr = )”RhaKr - ﬂRhaRh ~ Pr@pry — ®Rb7aRb

The first-order loss terms for Rb can be collected into a single parameter:

f

ﬂ’Rhe_ff = ﬂ’Rh + Pry + O, 711

and then we have the ODE system

Oy
T = F qu WKr - 2Kr aKr
da,

dt = ;{‘Rb Ay, — //{‘Rbeﬂ Ay,

There are many ways to solve these equations; the linear-systems approach is particularly useful. The ODE are expressed in a
matrix-vector format as follows:

-1 0
ia =Aa+Bu; A { K j
dt le _ﬂ’Rheﬂ

B: 1 0 u= FqKVWKr
0 1 0

A solution for the time-dependent activity vector a can then be found using the matrix exponential
T
W) = j M Budk 3)
0
where the time variable is 7, for use in the countrate solution integrals, below. Solving this yields the time-dependent activities
1 _ e—ﬂk,. T

ﬂ’Kr

w(7) = Iqy, vy, “

w /?'Kr )“Rheff /110 ()“K - )“Rbeff ) /?'Rhe_[f ()“Kr - )“Rheff )

If there should be a situation where there is no Rb loss other than decay, then we would have Agp.; = Agp, and the activity
solutions become
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l—e e ®
2Kr
(10 (T) = F qu l//Kr 2 e—lm T e’ﬂRb T (5)
Rb

+ —
Kr /1Kr (/?'Kr - ﬂRb ) M’Kr - ﬂRb )

The time derivatives of the activities in eqn(4) are

- A T

e

d
d a(7)=T g Vi /’iRh ~Aroey T _ *ﬂmf) ©
T —_—\ e e
ﬂ’K - ﬁ’Rhe{ff

r

from which we see that, at time zero, when the leakage begins (or begins at a new, higher level), the initial slope of the Kr
activity is positive, while that of the Rb is zero. Also of interest is the long-term equilibrium attained, assuming that the leakage
rate and coolant concentrations both remain constant over a long period; if this is this case, then

1

ﬂKr

ﬂ'Rb
ﬂ‘Kr ﬂ'Rbeﬁf

o(r—>o)=-A"Bu =T gq, ¥, O

In the decay-only case, the equilibrium activities are of course equal. Figure 1 shows the time-dependent concentrations of Kr
and Rb for a constant source term; the dashed lines are the equilibrium values just found. Note that it takes many (about twenty)
hours to attain equilibrium.

2x1078 4.x1070
_15x1078F B 3.x1077F 1
E a2
= [
£ Lx1078F b £ 2xnof 1
g [ g
ey
S s
© [ 3
o[ ]
5x1077] Lx107%F 1
ol . . . . ! 0 ; \ \ . .
0 200 40 60 800 1000 1200 o o » » - 5 “
Time (min)

Time (min)

Figure 1 (left): Concentrations for a 0.5 gpm leakage rate, 0.001 uCi/cc coolant Kr concentration, partition factor unity,
Rb.y 0.05 larger than g, , containment volume 106 f£. The top curve is Kr. Dotted lines are the long-term equilibria.
Figure 2 (right); an expanded view of the first hour of this time-dependent variation in the concentrations. The Rb has a
zero initial slope, and is clearly in no way at any sort of equilibrium value in this first hour, as required in RG1.45. (The
initial Kr mixing time into the containment air, ignored here, would delay this even further.)

Linear Systems Approach: Two Compartments

This section needs filling out, in a later edition- this is a placeholder for now. Likely just Mathematica code, these will
be very complicated solutions. Here is the system matrix; 2 nuclides in 2 compartments, so a 4x4 system.

_)“Kr - k21 kl2 0 0
A= k21 _/110 - k12 0 0
ﬂRh 0 _ﬂRhﬁff kl2

0 A’Rb k21 ﬂ’Rb k12
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Standard ISA-S67.03-1982

This document, "Standard for Light Water Reactor Coolant Pressure Boundary Leak Detection,” asserts that it covers
"identification and quantitative measurement of reactor coolant system leakage...". In section 7.2.1(a) it is stated that "Sufficient
data and understanding of the principles are needed to properly interpret an increase in radiation monitor readout in terms of
coolant leakage." However, no guidance is given on how one would in fact go about this interpretation.

Realizing that standards are not prescriptive, nonetheless there should be a requirement that however this interpretation is to be
done, the methodology involved must be well-documented. An example of how to do this interpretation could be presented in
an Appendix, to provide some guidance as to acceptable methods.

Further, in section 7.2.1(c)(2) it is said that "only Rb-88 which is in secular equilibrium with its parent isotope Kr-88 need be
considered." It is not clear if this means equilibrium in the coolant or the air. Since, upon a leak, Rb is not released directly to
the air, its concentration in the coolant is irrelevant. It attains equilibrium in the air, with its only source being the decay of
Kr-88, after many hours.

This standard, in its Appendix B.3.1, has the following differential equation, for a single radioisotope; written in the present
notation,

ld—q:l“q —AaV-plq-oa (3)
V dt
with ¢ a "purge rate" for containment dilution, zero if there is no dilution. This equation appears to be incorrect, in that: (1)
there is no partition factor in the source term; (2) the plateout factor is incorrectly applied to the source term rather than the
airborne activity a; (3) there is no term accounting for HVAC recirculation and filtration. Most fundamentally, the Kr-Rb
leakage detection problem requires two differential equations.

A solution is presented in this appendix for the "activity concentration in the containment atmosphere as a function of time..."
which "may be used to estimate the radioactivity transient in the containment atmosphere" in order to "form the basis for
estimating monitor response to a leak." It is not defined how one is to use this (incorrect) solution for a time-dependent
concentration to estimate the monitor response. Doing so would require the use of the mathematical models for monitor
response published in [1], some twenty years after this standard was released. And, even if one had the monitor response
models, and thus could estimate the monitor response, how then would one estimate the leakage rate?

RG1.45 says that "it is important to quantify the reactor coolant leakage" and, again, "the ability to quantify the leakage rate is
important” but this standard provides no guidance on how to go about accomplishing that. RG1.45 goes on to say "However,
signals from other leakage monitoring systems [e.g., air monitors] may not readily convert to a leakage rate." Providing such a
conversion method, for leakage rate estimation using air monitors, is the purpose of this paper.

Source Behavior

This is a placeholder, to be completed in later editions.

Monitor Response Modeling

Moving-Filter Countrate Model

Models for predicting the time-dependent response of moving- and fixed-filter continuous particulate air monitors were
developed in [1]. What is required for a solution is to have a mathematical representation of the time-dependent concentration
that drives the monitor response. In the general application of air monitors, the concentration time dependence is not known, but
for the Kr-Rb in containment situation, we do have this knowledge.

A moving-filter monitor response has two parts; one before the "transit time" (7) and another after this time, which is the time
required for a differential filter element to traverse the entire length L of the deposition/detection window. With a filter speed v,
this is just T = L /v, and is typically about two hours. In [1] it was shown that the activities on the monitor filter are given by
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kF¢ vt t o) L t o) 9
@ t<T) = =25 Qe drdx + 00, (1) € dr dx ©
0 [ vt &0
L t
Gy (12T) = @ J j 0y (T) e 7 dx (10)
0 Ji-t

where F' is the monitor flow rate, ¢ is a collection efficiency (including a line-loss fraction), and k is a units reconciliation
constant. Then the countrate is obtained from

CRW (1) = &gy, Vi Oy (1) (11)

where ¢ is the detection efficiency and y is the abundance of the emission being counted. Here RW stands for "rectangular
window." It was shown in [1] that a good approximation for the circular window (CW; window radius R) response is obtained
by using the "effective" window length

. _I6R

v = (12)

in the RW solutions. Fixed-filter (FF) countrates are found by using a filter speed of zero (v=0) in the RW ¢<T solutions. Thus,
one solution method contains results for all three monitor types.

Since Kr is not collected on the particulate filter medium, the monitor response will be due only to the Rb, and we have its
concentration in the second element in eqn(4), after dividing by the containment free-air volume V. Using that expression in the
multiple integrals above yields the ¢ < T solution, 4.8.2 in Chapter 7, and for ¢ > T, 4.8.3 therein; the FF response is 4.8.4. For
the case when there is no Rb loss other than decay, separate solutions are needed. These are, for r <7, 4.8.5; ¢t > T, 4.8.6, and
for the FF case, 4.8.7.

The long-term equilibrium expressions are, for RW:

L
Coplt > o) = Stk FOL 4 Vi, {1 - {1 - elD (13)
Ay, /1Rbgﬁ 14 Ay L
and for FF,
C (t = o0) = Ery Yer K F 01 g, Wi, :8Rb7RbkF¢Q (t—)oo) (14)
Rb Rb
Ay, ﬁthﬁ 4 Ay

which are equivalent to 4.8.9, 4.8.10. For the decay-only case, use Ag; for Agpes-

ISA Calibration Issues

In Appendix B.3.4(c) a process termed a "calibration" is discussed. Item (3) states that this calibration should include
"introducing a laboratory-calibrated concentration of the reference or control isotope into the sampler, and recording the
counting rate above background." This seems to be confusing a volumetric monitor, such as a liquid or noble gas monitor, with
the integrating particulate monitors. It is not explicitly stated which kind of monitor is being calibrated. There is also no
discussion of fixed vs. moving filters for the particulate monitors, nor how the calibration procedure would differ for these, nor
how to handle the time-dependent response of these monitors (see below).

There is one sentence in paragraph (c) that says "Aerosol detectors are calibrated by cross-referenced standards." There is no
further discussion of what this means, or what, exactly, the calibration procedure would be. The remaining material seems to
apply only to volumetric monitors, but this is not explicitly stated. There is a requirement that "A plot of the concentration of
the reference isotope in terms of micro-curies/cc versus the net counting rate produced should then be drawn on log-log scales.
This plot should be used as a calibration curve in the field." Such a curve would only apply to volumetric monitors; this curve
has no meaning for particulate air monitors, especially as applied to the Kr-Rb leakage detection/measurement problem.
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A correct calibration process for the particulate monitors would at least consist of choosing a quantitative method, often based
on inverting a monitor response model, and the estimation of the instrumental parameters required by that model, notably the
detection efficiency as a function of energy, so that an interpolating function can be found. This latter is, apparently, what is
implied by the term "cross-calibration" in the footnote "These referenced isotopes [Cs-137 for particulate monitors] are used for
instrument calibration, therefore, monitor sensitivity should be cross-calibrated to the isotopes listed in Paragraph 7.2.1(c) [for
particulate monitors, Rb88]."

The energy dependence of the monitor detection efficiency should be defined by a mathematical interpolating function, based
on direct measurements of the detection efficiency over the range of energies appropriate for the monitoring application. The
interpolating function should be estimated using regression techniques, rather than by drawing a "curve" on a piece of graph
paper, and should include parameter and prediction (interpolation) uncertainties. The detection efficiencies can be measured by
depositing a calibrated, traceable level of activity of the selected nuclide onto a matrix that is similar in properties to the
monitor collection (filter) medium.

As the standard reads, it would appear that we are to feed a known airborne concentration of, e.g., Cs137 to the particulate
monitor, and observe its response. But that response is not a single value, it is time-dependent. The actual response for RW for
a constant concentration is, for <7, for a nuclide of any half-life (these relations are given in Section 4.1 of Chapter 7, repeated
here for convenience),

cRW<t>:Wf¢’Q[ (1_Vij(1_w)+ ;L(M_HM)} (1)
and for r>T
C'Rw(r>=w - /&[1-5@ (16)
The limit of these as A becomes small (LL) for t< T
Cpy (1) =8;/kF¢Q(t —”2} (17)
2L
and for r>T
Con(t) = eyk F 9O (18)
2v
These are plotted in Fig 3.
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Figure 3. Response of FF (straight line) and RW to constant, LL input. Limiting cpm, dashed line.

It is true that an RW monitor will attain a limiting countrate, when driven by a constant concentration (dashed line in Fig 3).
One could plot that single countrate vs. several input concentrations, assuming that such a particulate concentration generation
was available. But it is not the case that the net countrate can be read off the monitor, at any time, and that countrate be
converted to a concentration estimate. Such "calibration curves," as discussed in the standard, have been around for many years.
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The implication is that an instantaneous net countrate is proportional to the concentration that exists at the time of the reading.
This is not valid, for either FF or RW monitors. (See Chapter 5.) The fundamental issue with this portion of the standard is that
it does not make clear what kind of monitor is being calibrated, and it in fact has no useful information on how to go about
calibrating a particulate monitor for any purpose, much less specifically for the Kr-Rb problem.

Estimation of Leakage Rate

Prototype leakage-rate estimation

The basic approach is to "fit" a countrate response model to observed countrate data, and to obtain from that nonlinear
regression an estimate of the leakage rate. To test this concept, specific techniques, parameter values, etc., were implemented in
a prototype simulation program, and they worked well. However, it is recognized that much of this methodology can be refined
and improved for implementation in real-world monitoring systems. What is important here is not the details of the test
implementation, but rather the proof of concept; that this overall approach can provide a reasonable estimate of the leakage rate.
And of course it must be noted that this estimate is only as good as the fundamental assumptions used in defining the problem.

The leakage rate estimation process is the same for both FF and RW monitors, with the obvious exception of the specific
countrate models used. The process begins with an estimate of the assumed-constant baseline countrate, which consists of the
sum of the ambient background and the long-term equilibrium countrate, from a constant, nominal (relatively low) leakage rate.
Next, the variability of this baseline countrate is estimated, using the observed standard deviation over some time window,
corrected for the autocorrelation induced by the EWMA filtering [Anderson, TSA]:

6- — Svhserved (1 9)

NS

k=1

The autocorrelation function for the EWMA is the last term in the summation (see MDC Appendix). With this estimate, an
upper bound or threshold is established for the baseline countrate; this is just twice the "sigma" estimate. A simple crossing of
this threshold is not a sufficient trigger to start the leakrate estimation process, since EWMA-smoothed data will exhibit
pseudo-trends, i.e., runs above or below the mean. Thus, in this prototype it is required that the countrate stay above the
threshold for three minutes (30 samples, at 0.1 min per digital time step); optimizing this will of course need further research.

When this condition is met, the next step is to use the radar-filter derivative estimator (see p. 2-5) to find an approximation for
the start time. This is done by taking an average of five rate estimates on either side of the threshold-crossing time, and then
"walking this down" the derivative vs. time curve until this average rate is near zero. (Recall that the initial slope of the
countrate response is zero.) When the rate appears to be near zero, a correction is applied to account for the lag of the radar
filter, and the result is an initial estimate of the start time.

With this start-time estimate, bounds are defined to create a dataset for the regression. The lower bound is the estimated start
time minus a time step of about seven minutes, to provide some data before the start, for estimating the baseline. The upper
bound is about 20 minutes above the start time. This, in a real system, would be a wait time, after the threshold was crossed. A
longer window of data would help the regression, but would increase the wait time. In simulation studies, 20 minutes was a
reasonable compromise; this, again, needs further investigation.

With the bounds defined, the regression dataset is assembled. The model to be estimated from this dataset is

(1 B v(t_to)j a, + a, e_lkbeﬁ"(t_tﬂ)_l_ a, 6‘_}%(1_10)"‘ a, e_j'l(r(t_tﬁ)

L
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where k; and the a are collections of constant parameters, as follows:

— ERb 7Rb k F¢ qu l//Kr

k, @1)
%4
and
_ 1 _ Ay _ 1
a= — a, = a; =
/?’Kr /?’Rheff ﬂ“Rbeff (/110 - ﬂ“Rbeff )(le - A‘Rbeﬁ‘ ) (ﬂ’Kr - ;l‘Rb ) (;Z‘Rb - A‘Rbeﬁ’ )
Ay A (22)
a, = as= Ay — Ay, ag = A
) /?'Kr (/?'K - /?'Rb ) (/?'Kr - /?’Rbeff ) ’ v " ‘ /110 (/110 - ﬂ“Rb )2 (/110 - ﬂ’Rbejf )
. _ ﬂ;h _ ﬂKr (ﬂqu[f - 221%) + /?'Rb (3/11% - 2/1Rhe_ff )
a, = A, _ﬂ’Rheff ag = 2 ay = 2 2
/,Z‘Rbeff (;I‘Rb - ﬂ“Rbeff ) (ﬂ‘Rbeﬁ - ﬂ’Kr ) (}“K - }“Rb ) (}“Rb - ﬂ‘Rbeff )
For FF, the model is
CFF =gy Vi ki {al +a ¢ herl) 4 a; el a, e_lm(t_m)} + Cbase (23)

For the decay-only case, a-factors similar to those defined above are developed in a straightforward way. The leakage rate I
and the baseline countrate C,, enter these models linearly, so that a "partial linear" nonlinear estimation procedure is used.
With this approach to the regression problem, the only initial estimate needed is for the single nonlinear parameter, the start
time .

Simulation results

(Some preliminary results; more detail and conclusions to follow later.)

Countrate, com
900 1000
| |
=

T T T
o 10 20 30 40 50 60 70 80 90 100 110 120

Time, minutes

Figure 4. FF (top) and RW (bottom) cpm and "fitted" response; start time 60 min, leakage rate 0.5 gpm; vertical lines
indicate regression dataset windows; solid smooth line is deterministic countrate.

Estimation results for this example (known leak rate LR = 0.50):
10 base LR
62.35(0.54) 744.2(2.3) 0.57(0.02) RW
56.75(0.65) 916.0(2.6) 0.43(0.02) FF
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Figure 5. Contours from the nonlinear estimation process for RW. The cross is the known point- start time
60 min, LR 0.50 gpm. The dot is the point estimate. Note positive correlation (tilt of ellipse).

Patent

There is a patent (US5343046, 1994) that uses a shaped collimator or shield to, allegedly, produce a "first-order" response in a
moving-filter monitor. Somehow this is supposed to allow estimation of reactor coolant leakage rate. The patent does not
indicate how this is to be done and indeed the "methodology," such as it is, seems to be completely wrong.

There are sketches of countrate profiles in the patent. In Appendix D is a collection of some profiles that assume a flat
efficiency, while more-correct 3D versions (i.e., that include geometric efficiency) are in Chapter 6. None of these look like
those in the patent, and at that, those are contradictory- they assume LL but this application is supposed to be for Rb*, which of
course is SL. Below is some math to try to make sense of what is given in the patent (which has only trivial math):

vt @y,(x) @t L @y (x) @t
o) = K2 J j j Qp, (T)e ' drdydx + j I j Oy, (T)e "z dy dx (24)
area |Jo Jy(x) f% v o y(x) *f

x)=——e"" x)=—e"" (25)
J’1( ) 5 yz( ) B
L w
area =I we Vdx = —(1 - e”L) (26)
0 r
kF vt t e L t s
a(t) = ¢ J. we”J‘ Oy, (7)e =g dx + J‘ We”J‘ Oy, (7)e =g dx (27)
area 0 t—% vt t—%
which leads to the # < T activity solution
kF vt t e L t e
a(t) = 1—?:; J. e Oy, (7)™ Ddrdx + J- e Oy, (7)™ dr dx (28)
—e€ 0 =X vt =

v v

Using the Qg, found above in this leads to a very complicated solution that is clearly no improvement over the expressions
given above and in Chapter 7. The response is far from "first order” (i.e. FF) and even if that were the case, the FF solution still
requires the Q start time. Most importantly, the patent does not describe how to get from this modified monitor response to an
estimate of Sk,. The patent is an interesting and creative idea that does not appear to have sufficient mathematical foundation to
be of any practical use.
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Appendix A

Nonconstant Flowrate Effects in Sampling

Health Physics, 82(1) January 2002; 114-119

Correction for a nonconstant flowrate during particulate air sampling is often done by taking the arithmetic average of
the initial and final flowrates. This average is then used in concentration calculations as if the flowrate had been
constant at that value during the entire sampling period. For long-lived activity this approach is reasonable, but for
shorter-lived activity and longer sampling times, the estimated concentrations can be biased low. This note examines
the magnitude of this bias, and also provides expressions for estimating the concentration, given an observed count,
assuming an exponential flowrate time-dependence. One expression uses an estimate of the exponential time-
dependence, while another expression uses a linear approximation for the flowrate time-dependence. Both of these are
shown to be superior to the use of the average flowrate. The parameters used in these expressions are estimated from
the same initial and final flowrates used in the arithmetic average.

Introduction

When collecting particulate air samples it is usually assumed that the sampler flowrate is constant, and, often, this is not
unreasonable. However, regulatory guidance (e.g., [1]) suggests that, if the flowrate at the end of the sampling period is ten
percent or more below the initial value, we should use the arithmetic average of the two flowrates in the concentration
calculations. The purpose of this note is to examine the accuracy of this approach. A similar analysis was done for radon
daughters in [2], although the thrust there was for concentration variations rather than flowrate variations.

Let us pose the problem as it would occur in the field. We are given a sampler's initial and final flowrates, and the sampling
interval; the sampler is not a constant-volume unit. To illustrate, say we have an initial rate of 20 cfm, a final rate of 15 cfm,
and a sample duration of one hour. This represents a 25 percent decrease in flow in one hour. We could (a) use the average of
the two flowrates, 17.5 cfm, as if it had been constant across the hour, as the regulatory guidance suggests, in estimating the
concentration, or (b) we could use an exponential flowrate relation to estimate the concentration, or (c) we could use a linear
flowrate relation to estimate the concentration. In the latter two cases we can estimate the necessary parameters from the
observed flowrate data.

Our purpose is to develop methods (b) and (c), and compare them to (a), in addition to showing the bias caused by (a) when the
true flowrate behavior is taken to be exponential. First we develop a general expression for the counts, then we solve it for the
three hypothesized flowrate behaviors (constant, exponential, linear). This leads to relations for the estimated constant
concentration for these cases. Next we attempt to establish that an exponential behavior for the flowrate decrease is a
reasonable assumption for the true behavior. Using that, we next find ratios which permit evaluation of the bias in the
concentration estimates, for the three assumed behaviors, when the true behavior is exponential. Finally, we plot these ratios
for some selected parameter values.

Expected Sample Counts

It will be useful to briefly review the basis for the estimation of particulate air concentrations using a sampling process, to
establish notation and the basic expressions that will be needed below. The starting point for this analysis is the ordinary
differential equation (ODE) for the countrate on a fixed filter:

dc

— = EkyeFHQW) - AC (1
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where C is the countrate; £ is the detection efficiency; yis the gamma abundance; k is a units-conversion constant; A is the
decay constant; ¢@is the collection efficiency; Q is the time-dependent concentration in the sampled air; F is the time-dependent
sampler flowrate. Expressions similar to this have been in the literature for many years; two early examples are [3], [4]. A
convenient way to write the solution for this ODE is to use the scalar convolution integral (e.g., [5]):

C(t) = ekypexp(—At) j Q(1)F(7) exp(AT)dt + C,exp(-At) )

We are considering a single nuclide; parent-progeny applications such as radon-thoron can be treated by extending (2) to use a
matrix convolution. The filter is assumed to be new at the start of sampling, so that the initial countrate is zero, and the second
term in (2) vanishes. Since we are discussing a sampler, as opposed to a monitor, the countrate (2) is not observed. (For
detailed models of fixed- and moving-filter particulate monitor dynamic countrate responses, for time-varying concentrations,
see [6].) Instead, at the end of the sampling interval 7, we secure the flow, remove the filter and prepare it for counting. This
takes some time 7, which we may deliberately increase, e.g., to permit interfering natural activity to decay.

At the end of the decay interval we begin a count, of duration 7. The countrate at the end of the sampling period is (2) with T}
in place of t. The countrate at the start of the counting period is then o) (T,) exp(—=AT,) and this countrate continues to decay

during the counting interval, during which we integrate that decaying countrate to obtain the observed counts. All of these
operations can be collected into a single expression for the counts accumulated from a sample filter:

T,

C(T,.1,.T.) =I Ekyo eXp(—/lTX)J‘ ‘Q(T)F(r) exp(A7) dt | exp(—AT,)  exp(—At)dt (3)

0

Clearly, the observed counts are controlled by the product of the concentration and the flowrate (this is the essence of the
source term in the ODE). The inner integral in (3) will determine how we are to interpret a count from a sample. The key fact is
that (3) is a single-point estimate, so we need to have a single concentration value, for the estimation to be meaningful. There
are two obvious choices for single values: (a) a constant concentration, or (b) an average concentration over the sampling
interval.

Exploring the behavior of (3), we will find that for long-lived activity (negligible decay during sampling/analysis period), the
exponentials will vanish and we can find an average concentration if the flowrate is constant. This is not the case for shorter-
lived nuclides, where the inner-integral exponential cannot be ignored. That is,

1 (" 1" -
FSL Q(r)exp(At)dt # FSIO Q(r)dt = Q

Similarly, if the concentration is constant, for long-lived activity we can find an average flowrate, or the total air volume
sampled, to estimate the concentration. Again, for shorter-lived nuclides this is not the case, for the same reason as for the
average concentration. We do not want to restrict the analysis to long-lived nuclides, so that we must keep the exponentials in

3.

In the general case, with unspecified concentration and flowrate time-dependencies, we cannot find a meaningful single-point
estimate of a varying concentration from a single sample. Also, it would be most unusual to have a priori knowledge of the
concentration dynamic behavior, including the necessary parameter values, and if we did, there would be little need for a
sample. However, for the flowrate we have a separate measurement, at least at the start and finish of the sample, and, perhaps,
dynamically during the sampling interval. Therefore, the only single-value estimate we will use is that of a constant
concentration, with the possibility of a time-dependent flowrate, since the latter can be independently measured.
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Concentration Estimation

The next step is to develop the expressions to be used in estimating the constant concentration from a sample, given an
observed count, the initial and final flowrates, and the sampling interval. These are derived by using the appropriate F(z) in (3),
evaluating the expected count, then solving for the constant concentration using an observed count.

Constant (average) flowrate

This case assumes a constant flowrate F(t)=F, in (3), which will lead to the counts

C(T,.T,.T) = %exp(—ﬂm [1 = exp(~AT)][I = exp(~AT})] @

and this is easily solved for the constant concentration, using the observed counts and observed average flowrate:

Q _ 2’2 Cobs (5)
““ " ekygF,, exp(-AT,)[I — exp(~AT)|[I — exp(-AT,)]
with
Favg = 05 (F;'nitial + Fﬁnal)
Exponential flowrate
For this case we have
F(@t) = Fu, exp(-11) (6)

where F,;;,; 1s the initial flowrate and r is a parameter controlling the rate of decrease. Using this in (3) to obtain the expected
count and then solving for the constant concentration we find

/l(/l B f) Cabx
xp = = (N
EkYPFy Xp(—AT))[1 — exp(~AT.)][exp(~FT,) - exp(-AT,)]

>

with the parameter r estimated using
R 1 F, .
;o= _ln initial (8)
7; F final
Equation (7) applies when the estimate (8) is not equal to A. If it is equal, then we use

0., = A ©)
T kY9 Fp xpAT [ = exp-AT)] T, exp(-AT))

Linear flowrate

Next, suppose that we assume the observed decrease in flow was due to a linear flowrate behavior
F(t) = F;'nirial - bt

where b is the slope or linear rate of change of the flowrate. Using this in (3) we obtain the expected count and then solve for
the concentration to find
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A’ C

obs

O = ekyo exp(_,'{Td)[] - exp(—/iTc)]SV

(10)
V= Full = exp(-AT)] + 21 =AT, —exp(-AT))]

with
N 1
b = F(F;'m‘tial - F ﬁnal)

Next we explore one possible behavior for the flowrate and then use it to see what the consequences would be of using the
above concentration estimation relations when the counts were in fact produced by that flowrate behavior.

Actual Flowrate Behavior

Let us now consider what the "true" time-dependent variation in the flowrate might be. It seems reasonable that the variation
would be exponential, since any dust (particulate matter which may or may not contain activity) pulled onto the filter would at
first block the available penetrations in the filter, while later in the sampling period it would have more difficulty in finding an
open penetration to block. Therefore we would expect that the flowrate would decrease more rapidly at the start of sampling,
and more slowly later. This concept was explored with a simple Monte Carlo experiment. Particles were randomly, uniformly
scattered across a rectangular area, and the number of "hits" in equal-sized "cells" (representing openings in the filter) were
tabulated. There were 10" cells, in a 100x100 grid. If a cell received at least one particle, that flow path was considered
blocked.

The size of the particulate population was increased, stepwise, simulating the effect of a constant dust loading rate being
sampled for increasing lengths of time. Five replicates were done at each setting of the number of particles. The measured
quantity was the fraction of the available cells which were not blocked (did not receive at least one hit). Presumably the
flowrate would be proportional to the fraction of open paths (cells). The results are shown in Fig. 1, along with an exponential
function estimated from the data, via a transformed linear regression.
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Figure 1. Monte Carlo filter flow results. Five replicates at each particle-number
setting. 100x100 cells. Exponential regression to data indicated by solid line.
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The agreement is excellent, lending support to the assumption that the true variation in the sampler flowrate is exponential. Of
course this function is also mathematically convenient. In some applications the flowrate may follow some other time-
dependence, or it may be quite erratic, due to sampler problems, power fluctuations, and so forth. In order to make progress,
however, we must use some closed form for the flowrate variation, and since exponential behaviors occur so frequently, this
seems a reasonable choice. Note that [2] also used an exponential variation in the "collection rate," which is the product of the
concentration and flowrate in (1).

Concentration-Estimate Ratios

Next we develop the expected counts when the true flowrate behavior is exponential, and use these to create ratios of the
resulting concentration estimates to the correct concentration.

Constant (average) flowrate

In accordance with the regulatory procedure, we would estimate the average flowrate over the sampling time from the observed
initial and final flowrates. When the true F(z) is exponential this average will be

Fop(T)) = %[1 + exp(-rT,)] Y

What is of interest is to compare the concentration estimates obtained using (11), a constant value, in (3), as opposed to using
the correct dependence (6) in (3). The count accumulated if we use the observed average flowrate (11) as if the true flowrate
had been constant at that value across the entire sampling time 7 for a constant concentration Q, is given by

eky90,

C,T.T,T) = PE

e exp(=AT,) [1 — exp(=AT)][1 — exp(-AT,)] %”“’[1 + exp(-rT,)] (12)
However, what actually has happened is that the flowrate has followed (6), so we should use that in (3). This gives, again for a
constant concentration Qy, and when r is not equal to A, the count

k F.
Cop 07,1, = EEFEE st exp AT, [1 = exp-2T)] [oxp(-rT) = exp(-2T,)] (13)
—-r
Note that if r is zero, (12) and (13) reduce to (4), as we would expect, since this implies a constant flowrate. If r is equal to 4
then we must return to (3), and we will find that the count will then be given by

C.(T.T,T) = % exp(—AT,) [1 = exp(-AT)] [T, exp(-AT))] (14)

To avoid the need to have two equations for each scenario we will assume henceforth that r and A are not equal, but this
requirement must be kept in mind, and special solutions developed if it is not met.

To see what effect the use of the average flowrate has, we will compare the concentration estimate we would obtain from an
observed count, if we use (12), when in fact the flowrate variation was exponential, i.e., (13). We can find an estimate of the
constant concentration Q, from (12), using the counts that would have been generated by the true flowrate behavior, i.e., (13).
That is, we have the estimate

Q _ 22 CCXP(TY’Td’YZ‘)
’ ekyd exp(—AT,) [1 - exp(—/ch)] [] - exp(—/lTS)] %[1 + exp(—rTX)]

which is equivalent to (5), with (11) used for F,,, and C,,, used for C,,,, and this will reduce to
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QAavg - 0, 22 exp(-rT,) — exp(-AT,) = QR (ArT) (15)
A=r [1 + exp(-=rT,)][1 — exp(—AT,)]

If the ratio R, is close to unity, then the concentration estimate found by using the average flowrate will be close to the correct

value Q. By taking the limit of R,,, as the decay constant approaches zero it can be shown that for long-lived activity the ratio

is essentially unity for any sampling time. It is also unity when the parameter r is zero. If r is not zero, the limit as the sampling

time becomes large is zero. Values of R,,, less than unity mean that concentration estimates which use the average flowrate are

biased low, or underestimated.

Exponential flowrate

If we use the exponential relation (13) to estimate the concentration when the true behavior is exponential then we could form a
ratio R,,, similar to R,,; this ratio will be unity if our estimate of the exponential parameter r is correct. Since we should not
assume that it will be correct, we can write a ratio which includes a fractional or scaling adjustment w to r, simulating a bias in
its estimation. This will lead to a concentration-estimate ratio of

(A =r)[exp(-wrT,) — exp(-AT,) ]

* = (A= wr)[exp(—rT.) — exp(-AT,) ] (16)

When w is unity, R.,, is also unity, since we would then be using the correct value of r in estimating Q.

Linear flowrate

For this case we use the linear F(z) in (3) to find the counts

Ci T, T,.T)) =

2

%exp(—l@) [1 - exp(—/iTc)]{Fim,ml [ — exp(-AT,)] + %[1 - AT, - exp(—/iTs)]} (17)

Note that if the slope b is zero, (17) reduces to (4). Given the observed flowrates and sampling time we would estimate this
slope from

- F final
T

s

initial

However, by hypothesis, the actual flowrate is exponential, so that this would amount to

N F_ |l - -rT,
b — initial [ Texp( r s)] (18)

s

Using this for b in (17) and solving for the concentration, again using the counts we would observe from the true exponential
flowrate behavior, from (13), we obtain the concentration-estimate ratio

A exp(—rT,) — exp(-AT))

0, =0, = Q,R,(A,r.T) (19)

A=r []—exp(—/iTj)] + ﬂ#[]—exp(—rTx)][l—/iTs—exp(—/lTx)]

The limit of R;;, as the decay constant approaches zero (long-lived activity) is unity, as it is if the exponential parameter r is
zero. If r is nonzero, the limit as the sample time becomes large is zero.
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Results

The ratio R,,, is plotted as solid lines in Fig. 2 as a function of the sample time, for a short-lived nuclide, %¥Rb (half-life 18
minutes), for three example values of the exponential parameter r. These correspond to flowrate decreases of 5, 20, and 50
percent in one hour, using

1 1
F(f) = —In| —
T, \1-f
where fis the fractional decrease in the sampling interval T (here, one hour). This is an arbitrary spread of loading rate values,
intended to approximate a low, medium, and high dust loading rate. The dotted lines are for a somewhat longer half-life, of
about three hours. Fig. 2 shows the fraction of the correct concentration we can expect to estimate if we use the observed initial

and final flowrates as an arithmetic average when in fact the flowrate was decreasing exponentially, for these three rates of
flowrate decrease.

For *Rb we see in Fig. 2 that there is a small bias in the estimated concentration for shorter sampling times, but as this time
becomes larger, the bias becomes larger (more underestimation), particularly at higher rates of flowrate decrease. For the
longer-lived nuclide the bias is reduced, but it still becomes large at longer sample times and higher loading rates. All of this is
as we would expect intuitively; what is useful here is to have some quantitative sense of how much effect there is, as a function
of these parameters. For longer sampling times, shorter-lived nuclides, and higher dust loading rates, it would be advisable to
estimate the parameter r using (8), and then find the concentration estimate using (7), as opposed to using the arithmetic-
average calculation (5).
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Figure 2. Estimated concentration ratios vs. sample time, for dust loading at 5, 20,
50 percent flowrate decrease in one hour. Solid lines are average-flowrate ratios
(15) for %*Rb (half-life 18 minutes), dotted lines are ratios for a nuclide with a half-

life of 180 minutes.

In Fig. 3 we have plots of Ry;, as a function of the sampling interval, again for low, medium, and high dust loading rates, for
$¥Rb and a three-hour half-life nuclide. We see that using the linear flowrate is consistently better (ratio closer to unity) than is
the use of the average flowrate (Fig. 2), for given values of r and 7. Also note that when the product r7 is small, the ratio Ry,
is close to unity, since the (true) exponential and (approximate) linear relations are very close. This is because

-rF,.T

initial * s

F(t) = F,exp(=rT) = F, ., (] - rTs) = F

initial

so that the slope b is rF,;;,. That is, for small values of T}, the flowrate decrease is essentially linear.
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In Fig. 4 we have a plot showing R,,, for values of w of 0.9 and 1.1, for the three loading rates. As we might expect, at the
higher loading rates and longer sampling intervals, the concentration bias will be larger if our parameter estimate r is, e.g., ten
percent high or low. This plot illustrates the importance of having a good estimate of the exponential rate parameter r. If
flowrate data is available periodically during the sampling period then we could use that data to estimate r, via a regression,
rather than relying on only the start and end flowrates, i.e., (8).

In conclusion, if we are willing to assume an exponential flowrate decrease during the sampling period, the concentration-
estimate ratios (15), (16), and (19) provide a means to assess the possible bias of using, respectively, an arithmetic-average
constant flowrate, an exponential flowrate, or a linear flowrate, in estimating a concentration from a sample count. For shorter-
lived nuclides, longer sampling times, and higher dust loading rates, using an arithmetic-average constant flowrate will produce
concentration values that may be underestimated sufficiently to be a cause for concern. With reasonably good parameter
estimates, the exponential and linear flowrate concentration results can be less biased than the arithmetic-average flowrate
concentration result.
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Figure 3. Estimated concentration ratios vs. sample time, for dust loading at 5, 20, 50 percent flowrate decrease in one

hour. Solid lines are linear-flowrate ratio (19) estimates for **Rb, dotted lines are ratios for a nuclide with a half-life of
180 minutes.
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Figure 4. Estimated concentration ratios vs. sample time, for dust loading at 5, 20, 50 percent flowrate decrease in one
hour. Lines above unity are for exponential ratio (16) with scaling factor w of 0.9, lines below unity are for scaling factor
1.1.
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Appendix B

Decay Chain Air Concentration Estimation Using a
Sampler with an Exponentially-Decreasing Flowrate

Unpublished

Introduction

This report presents equations for (a) calculating the air concentrations for a three-component decay chain, given observed
counts (usually from gamma spectroscopy) or (b) for predicting the counts to be observed for that chain, given the air
concentrations. The sampler flow rate can decrease exponentially; using zero for the decrease parameter yields the previous
results for a constant flow. The predicted counts are compared to CTBT air sample spectral results (from AU), and they agree
within about 2 percent. A summing correction was needed for one of the peaks. Variances are found; QQ plots of Monte Carlo
data show that these are correct and that the PDF of the concentration estimates is Normal. These variances are for Poisson
counts only; flow and efficiency uncertainties are not considered, so that these variances are minimums. Numerical
experiments show the importance of not exceeding a reasonable decay time, such that a given nuclide's activity deposited from
the air will still remain on the filter at counting time. If not, it is impossible to estimate the air concentration for that nuclide
(the process estimates zero, with a large variance).

Discussion

The differential equations governing the time-dependent activity on the sampler filter, for a decay chain of length three, are (the
symbols will be defined below):

1% _ 1 q + kF$0,1).
dt
do
— S hha —Aha + kF$Q,(), ()
da
d; = Ana, —Aoa, + kF@O,(1).
This is more compactly expressed as
2 y=Aa+Bu @
dt
with
a, -4 0 0 1 00
a=|a, A=\n4, -4 0 B=/0 10 3)
a, 0 nA -4 0 0 1

The source-allocation matrix B is an identity matrix since the sources (air concentrations) drive only the activities of the
respective nuclides. The source term for an exponentially-decreasing sampler flowrate, which terminates at the end of the
sampling interval T can be written as
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o
u(t)=|0, |kgF e[l - P-T,)] 4)
0,

Here ®(t-T,) is the “Heaviside Operator” which acts to turn off the air flow at the end of the sampling time 7. This operator
has a value of zero for times less than 7, and is unity at, and after, this time. This formulation of the source term for the
sampling application (as opposed to monitoring) is very useful because the Heaviside operator has a Laplace transform. This in
turn permits one solution to be developed that covers the entire time period from the start of sampling until the end of the
counting time of the sample.

The time-dependent activity solution is found using Laplace transforms:

a() = S| (s1-A)"'Bu() | + 37| (s1-4)" ()| 5)

where

o

k F —(r+s
u(s) =| 0, P8, (1=e 7 ©6)
s+ r

3

and the vector a(0) of initial activities is taken to be zero for a clean filter at the start of sampling. The vector of Laplace
transforms of the activities is then

9

(s+4)

_ QZ anzﬂ'z k¢F0 _ —(r+s)T,
a(s) = + l—e (7
(s+4)  (s+4)(s+4) s+r
o . Oonk . Ommii
(s+4)  (s+4)(s+4)  (s+A)(s+4)(s+4)
The inverse Laplace transform of this gives, after premultiplying by the efficiency-abundance matrix ¥, the countrates:
: _ -1
C(1) =¥ a) =¥ 37| (s1-A) ' Bues) | ®)
where
£y 0 0
Y= 0 &7 0 9)
0 0 &
The results of these operations are the (unobserved) countrates during and after the sample collection time 7. After this
time, the sample decays for some time 7, and then is counted for a time 7,.. Counting is a time integral, such that
L+T+T,
CT) = j C@t)dt (10)
I+ T,
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Since the integration time (i.e., counting time) is after the sampling time, the Heaviside operator is unity in the countrate
expressions. Using this fact, carrying out the integrations, and factoring yields the desired results for the integrated counts.

vector of decay-chain nuclide activities, dpm;

e

~~
~
N

time-dependent countrate vector, cpm;

system matrix (here, decay constants);

source allocation matrix;

source (air concentration) vector;

matrix of detection efficiency-abundance products.
nuclide i decay constant, 1/hr;

branching ratio to nuclide i;

concentration of nuclide i in air, uCi/cc;

units reconciliation constant;

monitor or sampler flowrate, cfm;
collection/retention efficiency and line-loss fraction product;
detection efficiency, counts/emission;

emission abundance, emission/disintegration.

WOSTIAIQOR > EE Wy

{ {Q1},{Q2},{Q3} } * Fo * Exp[-r t] * k * ¢ *
( 1 - HeavisideTheta[t - Ts] );

<]
]

B

IdentityMatrix[3];
({2, 0,01}, {m2dy =2z 0}, {0, mads Az} };
{ {e1y:, O, 0},{0, &2y, 0},{0, O, &5Yys} };

LaplActiv = Inverse[ s*IdentityMatrix[3] - A ] . B .
LaplaceTransform[u,t,s, Assumptions - Ts > 0];

A

v

Cdot = ¥ . InverselaplaceTransform[ LaplActiv,s,t ];

Counts = Integrate[ Cdot /. HeavisideTheta[t-Ts] - 1, { t, Ts+Td, Ts+Td+Tc } 1;

Figure 1. Mathematica code for the sampling problem

It may be of interest to note in passing that during the sampling time, if the concentrations and flowrate remain constant, the
long-term equilibrium activities can be obtained without explicitly solving for the time-dependent countrates, using

0
A
-1 0, on,
0(t—>o)= —A"'Bu = 22y 2h k F, ¢ (11
4 4
&4_ 0,1, + 0,1, 1,
A, 4, A

This result makes it easy to see that, if the only source is Q; and the branching ratios # are unity, then the equilibrium activities
will be equal. The equilibrium (unobserved) countrates are then found from

C(t—> )= Pa(r— =)

The time required to attain these countrates of course depends on the respective half-lives. The three-chain system as a whole
will approach approximate equilibrium after about five half-lives of the longest half-life (smallest decay constant, or minimum
eigenvalue of the system matrix A) nuclide.
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The flowrate parameter r can readily be estimated using

f — iln F;'nirial (12)
’Ts Fﬁnal

Note that, mathematically, this value of r must not be equal to any of the decay constants A. If there is equality, separate
solutions must be developed. However, in practice, exact equality is unlikely; implementations of these calculations can check
for this condition and add a small increment to r to avoid divide-by-zero problems. Also, if the estimated value of r is small,
the implication is that the flowrate decrease was approximately linear during the sampling interval. For a constant flowrate,
set r to zero (or a very small number) in the solutions presented below.

Countrate Solutions

During the sampling time, the "countrates" from the filter are of course not observed, but it is still useful to understand how
they would have behaved had they been observed in the time leading up to the counting interval. These countrates are
contained in the variable Cdot in the Mathematica code shown in Fig. 1. The efficiencies and emission abundances used are
those for the counting system that is used to analyze the filter after removal from the sampler. The countrate solutions for the
first two nuclides in the chain are presented below.

The unobserved countrate for the first (top-of-chain) nuclide will be:

C.@) = %{(5” —eH) = @(-T) (e - A o)) (13)

and for the second nuclide:

Cz(t) = %{ (e—rt _ e—ﬂzr) _ q)(t_n)(e—rt _ e_/?z('—Ts)e—rTX)} +

e e—ﬂﬁ
A-r)(h-r) (h-A)A-r) "
e !
N i (14)
&, 7sz¢772Q122 (ﬂz ﬂl)(%, ) “AG-T,) —rT,

A=)(h-r) (A-A)(A-r)

o R UT) oo,
(A -4)(4-r)

The third-nuclide countrate solution is complicated and need not be presented here; it is contained in the Mathematica variable
Cdot[[3]].

- ®(t-T,)

§

Integrated Counts

For the integrated counts, it will prove to be useful to first define several collections of constant factors that result from the
integration of the Laplace countrate solutions (variable Counts in Fig. 1). It is essential to recognize that these are simply
numbers, for a given sampling scenario; all the parameters in the expressions below will have numerical values:

B-4



Particulate Air Monitoring Mathematical Sourcebook

h 2(7; fgj))(e”r"—e_“")(l—e‘“)e‘“” 15)
"o Z&k?g(eﬂ“e_“")(l—e‘“)e‘“” 16)
4 T (g ) (1= AT ) A
g = — ELkEIMmA A -
(A=) (A =-r)(A4=r)| _ %(e—rn _ 6_127})(1 _ e—ﬂzz)e—ﬂm
= SEREO o an)(ygr)o -
ﬂz—"(e—rn — ) (1= B ) e
g = ENkEOMA 4, 9)
(/13_/12)(/12_ r)(ﬂ3— r) _ ﬂzﬂ;’"(e—rn _ e—ﬂgn)(l _ e—zgn)e-zgn
| A A T AT (] = g AT g AT |
PR A P s L
- A T, _ AT\ (] _ ATy Ty
ag, = &Y, kF,on,n,|+ (/?2—21)(12—/?3)(/?2—?)(6 e )(1 e )e (20)
A T AT \(] 2 AT ) g Al
G- e
Then the integrated counts are simply expressed as
C =a 0 G=0,0,+a;0 C=0a,0,+0a;0, +a, 0 (21)

These relations, for constant flow (r = 0), have been tested against a large set of high-volume air sample gamma-ray spectral
results. The 238 keV line of 212Pb, 727 keV of 212Bi, and 583 keV of *®TI were used to check count predictions from these
equations. For these samples the decay time was long (several hours), so that the only counts observed for the progeny came
from the top-of-chain parent. The median ratios of observed to predicted counts were: me, 0.99; 212Bi, 1.01; mTl, 1.02.

The plots in Fig. 2 show the ratio of observed to predicted counts for the peaks indicated. The thicker horizontal line is the
median of the ratios. The top-of-chain nuclide *'*Pb has essentially perfect matching, since it was used as the starting point for
the prediction of the progeny counts. That is, O, and Q; were assumed to be (essentially) zero since, due to the long decay time,
any air activity from them would produce negligible counts during the counting interval; there was no estimate available for
them in any case. Then the predicted counts are found using

C =90 C,=a,0 (= a.0 (22)
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with O, provided by the spectrum analysis. Interestingly, it was necessary to apply a cascade-summing correction to the 583
keV line of *®TI; the median ratio was only about 0.85 before this correction was applied.
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Figure 2. Comparison of predicted and observed decay-chain counts
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Concentration Estimation

Given the observed counts, the concentrations are estimated using

A 1
0 =—¢C (23)
q
A 1 a,
0,=—C -—¢ 24)
a, a a,
Q}:icg_ as Cz—(aé _ a3a5jcl 25)
a, a,a, aa, aa,a,

Note that eqn(23) is equivalent to eqn(7) in Appendix A. The estimation of the air concentration of a progeny nuclide depends
on the presence of enough activity from air-deposited material to exceed the subtracted contributions from the precursors.
Thus, if the decay time between the end of sampling and the start of counting is long enough for the air-deposited activity to
(effectively) vanish, then it will not be possible to estimate the air concentration for that nuclide. In that situation all the
observed counts will be from ingrowth, with none from the air-deposited activity.

The variances of the concentration estimates can be calculated from the following expressions; these ignore any uncertainties
in the detection efficiencies or sampler flow rate, and are thus minimum variances:

A 1
Var(Q,) = s C, (26)
1 2
Var(Q,) =—C, + ( % j C, 27)
a, a, 4,
1 2 2
var(9,)=—C, + ( % j C, + ( L L ] C, (28)
a, - a,a, aa, aa,a,

A Monte Carlo simulation was developed to generate many thousands of concentration estimates, using Poisson counts. One
example QQ plot of the Monte Carlo output (n=50000), shown in Fig. 3, demonstrates that: (1) the concentration estimates
follow a Normal distribution, and (2) the variances given above are correct. These plots also can indicate when the process is
estimating a zero mean concentration, which happens when the decay time is long compared to the half-life of the nuclide in
question. That is, the actual air concentration may not be, and likely is not, zero, but this estimation process cannot produce any
sensible concentration value when the information it needs (counts due to the air activity, not from ingrowth) is not present.
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Q-Q plot for Q2
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Fig. 3 QQ plot for Bi212

Fig. 4 These plots shows Bi212 behavior. They also show that if the decay time is long cf. halflife, the counts available
from the air activity will be a very small fraction of the total counts.
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Fig. 5 Same thing as Fig. 4 but "Bi212" changed to 160 min halflife. More air counts available now.
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Appendix C

Bias in MDC Estimates Due to Autocorrelation
of Monitor Background Countrate Readings

Unpublished

Introduction

The estimation of the detection capability of a radioactivity monitor is based on an assessment of the variability of
the instrument's background readings. The usual measure of this variability is the standard deviation, which is found
from a series of repeated observations of the background, and this data is processed using the well-known formula

D

where N is the number of measurements and g, is the true, but unknown, standard deviation of the background. This
numerical estimate is then used in one of several possible MDC (or MDA) expressions.

However, the output of most monitoring instruments is a real-time countrate, as opposed to an integrated count over
some time interval. Integrated counts, as with a lab scaler, are statistically uncorrelated, since the scaler is reset for
each count and thus one result has no influence on the next. With ratemeters, whether analog or digital, this is not
the case, and readings of the instrument output are serially correlated (also known as "autocorrelation"). The filtering
used in the rate-generation process induces this dependence of the current reading on (all) prior readings.

It can be shown [1] using results from the statistical discipline of time-series analysis (TSA) that the estimate from

eqn(1) has the expected value
2 & k
E(s,) =0, |1 — — l1-— 2
(s,) h\/ N—1 k=l( ijk

where p; is the autocorrelation function (ACF) of the data. This function expresses the dependence of the data points
that are separated by k lags (time steps), and it can be found analytically, with some considerable algebraic effort,
for the output of most digital filters, such as those used in monitoring applications.

From eqn(2) it is apparent that, if the ACF consists of positive values, then the expected value of our estimator of the
background variability will not be o, but some value less than that. In other words, eqn(1) is a biased estimator of
o, if the ACF is nonzero; if the ACF is positive, as is generally the case for instrumental data, then the estimate s,
will be biased low, making the instrument's MDC look better than it really is.

To gain some insight into the effect of autocorrelation, consider Figure 1. This shows the ratio of s, to o, as a
function of sample size N for several levels of autocorrelation; that autocorrelation was generated by a certain type
of digital filter (EWMA), to be discussed momentarily. The larger numbers labeling the lines, at the right side of the
plot, represent stronger autocorrelation. In this plot, a complete lack of bias is represented by the line at 1.0 at the top
of the figure. We see that this is not attained, even for relatively large sample sizes. The circle shown in the figure
represents a sample size N = 20, at a level of autocorrelation in the data that would be reasonable to expect in a
monitoring instrument; we see that the resulting s, is less than half what it should be.
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Figure 1. Ratio of estimated to true standard deviation as a function of sample size and RC circuit time
constant (seconds) for EWMA digital representation of analog RC circuit. Based on eqn(2) with ACF derived
for EWMA.

A familiar type of rate display is the analog RC circuit. However, modern instruments are more likely to use a
digital rate display, which in turn is based on some form of digital filter. The purpose of the filter, and of the RC
circuit, is to reduce the inherent variability of the raw detector output pulses. Since there are many types of digital
filters, we will focus on one particular type that is specifically intended to mimic the familiar RC circuit behavior.

To aid in this process, a simulation was developed to show the time-dependent output of an RC circuit, driven by
Poisson-distributed count data. The output of this simulation is a "strip-chart recording” over some time interval.
This can be used to compare the digital filter output so that we can have some assurance that the latter really does
respond similarly to the RC circuit.

To find a digital filter that "matches" the RC dynamics, we use some results from digital signal processing. This
begins with finding the transfer function H of the analog circuit; using Laplace transforms on the ODE of the circuit,
we find that

H(s) = — 3)
1 +sRC

where s is the Laplace variable. Then, using the "Impulse Invariance" approach [2] to go from continuous time
(analog, Laplace transform) to discrete time (digital, z-transform) it can be shown that

zkz(l—ﬁjzkl+ﬁxk 4)
RC RC

where z is the filter output, x is the input, and 4t is the time step over which the filter accumulates counts (typically a
few seconds). This result assumes that A¢ is smaller than the "time constant" RC, which is usually quite reasonable.
This "register time" is a critical parameter in the design of a digital filter for monitoring applications

This is an example of a recursive filter (since its output depends on prior outputs), and this particular one is widely
used, in many disciplines, from economics to missile systems. It is known as an Exponentially-Weighted Moving
Average (EWMA), and is usually written in one of the following forms

L = Lyt a(xk_zk—l) =ax + (1—0{

~—

2 ®)

The parameter a is often called the EWMA gain; this recursion can be considered as a constant-gain Kalman filter.
Returning to eqn(4) and comparing to eqn(5) we recognize that for the RC-emulation task it will be the case that
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a =— (6)

and the approximation symbol is used since eqn(4) was based on a series expansion of an exponential. As we will
soon see, the approximation is very good for reasonable values of the "register time" At (the short interval used to
accumulate counts from the detector) and the RC time constant.

It is worth noting, although we will not pursue this in detail, that if we go back to the continuous-time transfer

function eqn(3) and use a somewhat different method, the "bilinear transformation" [2], then we can derive another
digital filter, and that filter also models the RC circuit behavior very well.

Digital Filter Model of RC Circuit

To aid in the analysis of the digital filtering, a simulation of an analog RC circuit driven by Poisson-distributed
detector pulses was developed. The digital representation, or approximation, to this circuit was then found using
continuous-time to discrete-time transformation methods discussed in any text on digital signal processing' (e.g.,
Impulse Invariance). Then, it can be shown that a good representation of the RC low-pass analog filter circuit is
obtained with a digital filter that turns out to be what is known in TSA as an Exponentially Weighted Moving
Average (EWMA).

This filter is usually written as
z=ox,+ (1-a)z_, @)

where x is the input (here, from the detector) and z is the output. Note that this is a recursive, IIR filter, since the
current output depends on the prior output(s). When the parameter (gain, «) of this filter is appropriately chosen, the
EWMA will mimic the low-frequency behavior of the RC circuit; this is shown in Figure 2. In the derivation of the
EWMA it can be shown that a gain of

At

o =— )]
At + RC

will follow the RC circuit very closely. Also, when the analog time constant RC is significantly larger than the
"register" time A¢t, as it most often would be, we have the useful approximation

A
RC

This approximate result, eqn(5), can also be obtained via other transformation methods.

€))

Note that the EWMA operates on counts accumulated over the time step 4¢, usually on the order of a few seconds,
while the RC circuit reacts to each pulse as it arrives. So, by a Nyquist sort of reasoning, the EWMA cannot react
any more quickly than the Az, and it naturally does not follow the higher-frequency fluctuations of the ratemeter.

The statistical properties of the EWMA (mean, variance, ACF) were derived; the mean and variance results are
readily available in the TSA literature, but the ACF result appears to be novel. With these properties known, it will
be convenient to use the EWMA to generate the autocorrelated data for this study. Other filter designs are of course
possible, and some were explored, notably a filter based on the Bilinear Transform, but the results were no different
from those obtained using the simpler (and widely-used) EWMA filter.

! For example, Oppenheim and Schafer, Digital Signal Processing, Prentice-Hall (1975), Chapter 5.
2 See, e.g., Bendat and Piersol, Random Data: Analysis and Measurement Procedures, 2™ R, Wiley-Interscience (1986), p367.
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Figure 2. Analog RC circuit ratemeter and EWMA countrates. Trace with circles is EWMA. Bounds indicate
EWMA and RC approximate 95% limits.

In Figure 2 we have a plot of the analog RC ratemeter simulation and the EWMA; the agreement is excellent. Note
that the EWMA does not follow all the "high-frequency"” variations of the RC, since the EWMA is a low-pass filter,
this is to be expected. The "low-frequency" variations are modeled very well.The bounds indicated on the plot will
be discussed below. The simulation also generates the observed (i.e., estimated) ACF for the EWMA and for the RC
circuit sampled at the same time interval (4¢) that the EWMA uses. This is shown in Figure 3; they are essentially
identical.

EWMA

ACF

Lag

SAMPLED RATEMETER

ACF

Lag

Figure 3. Estimated autocorrelation functions (ACF) for ENMA and a ratemeter.
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Statistical Properties of EWMA

We will need to know the mean (expected value), variance, and ACF of the EWMA. The expected value is found by
taking expectations of both sides of eqn(7), recalling that « is a constant, and assuming that the input x; is constant:

Elz,] = a¢Elx,] + (1-a)Elz,_,]
Elz,] - (1-a)Elz_,] = aElx,]
Elz,1{1-(1-@)} = aElx]

]

Elz, ] = Elx.]

The third line follows from the second since the expected value of a stationary process is the same at any lag. Thus
we have shown that the mean of the EWMA output equals the mean of the (constant) input.

The variance and ACF can be derived together, since the ACF is found via the autocovariance function y;, and then
the variance is just yy. The ACF is defined to be

Y
7

so the problem is to find the autocovariance function. The first step is to redefine the z; of eqn(7) to be the variation
around the mean level of the process, so that the expected value of this new process will be zero. With that, we have

7 =Elz, z,41 = EI:(axr + (1_05) Zt—l)(axt—k + (1—05) ik )]

P =

where ¢ is any arbitrary lag (or time step). Expanding this, and recognizing that the input x to the EWMA is
uncorrelated, i.e., random pulses from a detector, it can be shown with some expectation-value algebra that
a
Y = —— o'f (10)
2-«a
This important result also appears in various TSA references. Now we can define a useful quantity, the variance
reduction ratio (VRR), as

a
VRREWMA = E (11)

and this will be less than unity when a is less than unity.

These results were derived for a lag k of zero. To get the general autocovariance function, k£ will not be zero, and we
proceed with a considerable amount of tedious expectation-value algebra, to finally obtain

1_ k
= Maf (12)
2-«

and it can be seen that for k£ = 0 this agrees with eqn(11), as it must. Then the ACF is readily found to be
po=Le=(1-a) (13)

which is a result of central importance. Since alpha is less than unity, this ACF will be a converging geometric
series, as can be seen in Figure 4, which shows the observed (estimated) ACF for a very long EWMA sequence,
along with the ACF points as found from eqn(10). The agreement is excellent.
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EWMA

00

Figure 4. Estimated vs. theoretical ACF for EWMA.

Next we bring these calculations into the radiation monitoring context by recognizing that the input data sequence x;
is a sequence of pulses from a detector, and these pulses are Poisson distributed. Since the mean and variance of
Poisson data are equal, we then can write for the standard deviation of the constant background countrate

G s (14)

as is well-known. Combining this with eqn(11) we find that

grnn — |2 S (15)
2—a \ At
Using another well-known result, for the analog ratemeter,

O.;alemeter — Cb ( 1 6)
2RC

Returning to Figure 2, the horizontal lines are "two-sigma" bounds found using eqn(16) for the ratemeter (solid
lines), and using eqn(15) for the EWMA (dotted lines). Since the EWMA is specifically designed to model at least
the low-frequency behavior of the RC circuit, these two sets of bounds agree closely, as is seen in the figure. Note
that both the RC circuit and the EWMA are driven by exactly the same input (detector) data in this figure. The
EWMA accumulates counts over the register time Az, five seconds in this case, while the RC circuit responds to
these counts (pulses) as they occur in real time.

As a further check on the appropriateness of the EWMA as a digital representation of the RC circuit, let us equate
the VRR of the EWMA and the RC circuit and solve for the EWMA gain a that would be necessary for equality.
Using eqn(15) and (16) we find that equal VRR implies

D

1
J2RC | (2-&) Ar

and a bit of algebra will yield

which doesn't look too promising unless RC is significantly greater than 4¢, as is usually the case, and then
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A

a~2
RC

as we had already found in eqn(6). In fact there are several ways to find this gain «, and the result is always this
same approximate value.

Bias Demonstration

Next we proceed to generate some EWMA output data and observe the estimates of the g, (i.e., s;,) that result. These
will be compared to the o, that is known to be correct; the quantity graphed in Figure 5 will be observed (simulated)
values of

S

o,

R

If the s, were not biased, then on average this ratio would be unity. In Figure 5 we see the bias in s, reflected in the
mean (circle) and median (bar) of two thousand replications of eqn(1) as a function of sample size N. The rectangles
are based on the 0.025 and 0.975 quantiles, so that each box contains 95% of the s, data generated at that N. The
mean values follow the prediction from eqn(2) reasonably well (curved line); this is the same function as graphed in
Figure 1.

20

alpha = 0.1
4 RC = 50 sec
bkg = 100 cpm
T dT= 5sec

12 14 16 18

Estimated-to-true std dev (s/sigma)
1.0

04 06
1

0.2

0.0

T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Sample size

Figure 5. Simulated EWMA-processed count data; estimated standard deviation divided by known standard
deviation. Boxes contain 95% of data at each N.

Not only are the estimates s, biased, but as is evident in the plot, they also have a large amount of scatter, and their
PDF is skewed. Running the simulation for other values of a yields plots that look very similar to Figure 5, and they
follow the trends shown in Figure 1. By way of comparison, consider Figure 6, where there is zero autocorrelation.
The bounds are based on the chi-square distribution, and we see that this data is behaving exactly as expected for
uncorrelated data.
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o
o

alpha = 1

2 RC = 5 sec

bkg = 100 cpm

1.6

7 dT = 5sec

Estimated-to-true std dev (s/sigma)

0 20 40 60 80 100 120 140 160 180 200

Sample size

Figure 6. Standard deviation ratio for uncorrelated data; 95% boxes.

In these simulation runs there is a correction applied to the s, found using eqn(1), that is noticeable only at very
small sample sizes (e.g., N < 20). This correction is due to the fact that eqn(1) is not unbiased, even for uncorrelated

data, and eqn(1) must be multiplied by
N-1 ( s )
a = 2 17)

to remove this bias. This effect is noticeable in the simulation output if the correction is not applied.

Bias Correction

If the parameter a is known for a given EWMA filter, then it would seem logical to use eqn(2) to correct the s,
estimates. We can do this by using eqn(13) in eqn(2), so that our corrected, unbiased, estimate of g, is found using

corrected __ a sb (1 8)

b _\/1—22(1—;)(1—05)"

Applying this in the simulation we obtain the results shown in Figure 7. The bias is greatly decreased, but the scatter
is still unacceptably large.
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Figure 7. Bias-corrected standard deviation ratios; 95% boxes.

If the filter characteristics are not known a priori, a reasonable approach would seem to be to estimate the ACF
directly from the data, and then use that in eqn(2) to correct the bias. This method was also simulated, and the results
are not usable; this is because the estimated ACF is biased and is poorly estimated for any sample size N that would
be used in monitor calibration (i.e., N less than several thousand observations). Graphing these results looks very
much like Figure 5, where no bias correction was applied. Bias correction of s, requires a known ACF.

Using the Mean Countrate

An alternative approach is possible due to the fact that the input data for the EWMA is Poisson distributed, and so
there is a known relation between the level of the countrate (the mean) and the variability of the countrate (the
standard deviation). The variability is what we seek, for MDC calculations. This was expressed above in eqn(15),

repeated here
EWMA ’ I

O-bE T = \/7 K gy \/Fb (19)

ZaAt

which we could write as

We could write similar relations for the RC circuit or for the bilinear digital filter. The variability of the (constant)
background countrate is directly proportional to the square root of the countrate level. The proportionality constant
is a function of the filtering parameter(s).

If these parameters are constant, and known, then we can use eqn(19), or its equivalent for the other filters, to find
an estimate of ¢, from the countrate. That, in turn, is simply estimated by its mean value over some number of
replicated measurements. Note that these measurements are taken in sequence exactly as the monitor would use them
in its quantitative method; there is no "waiting for three time constants between measurements" as is sometimes
specified in order to try to obtain uncorrelated data. (See Chapter 2 for a discussion of various quantitative methods.)

If the filtering is adaptive, where the filter gain changes randomly, then the approach would be to use Monte Carlo
simulation to characterize a relation similar to eqn(19). Thus we would simulate the filtering process and estimate
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the proportionality constant. Using the AEWMA filtering discussed in Chapter 2 (eqn 2-4) as an example, the data
in Figure 9 was generated.

8
5 .
e m e e e e e e e — |
B T -
8§ 8l
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=
-
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| = * . -
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5 § g b 3 s
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° .
8 o | . : .
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2 . *
<}
= T T T T T T T T T T
o 50 100 150 200 250 300 350 400 450 500 550

Countrate, cpm

Figure 8. AEWMA proportionality constant Monte Carlo plot; estimate was 1.23+0.05

This approach was used in the calibration of air monitors in the Digital Radiation Monitoring System for the
Shoreham Nuclear Power Station, in the early 1980s. One hundred measurements of the background were taken for
each instrument, and the mean calculated, and the proportionality constant applied (it was 1.3 for that system) to find
the estimator of g, to use in the MDC calculations. Note that in these simulations very large sample sizes, i.e.,
several thousands of points, are used, to eliminate the need for a bias correction in the observed s, data. (The
AEWMA output is autocorrelated.)

Mean Countrate Results

Let us apply the method of eqn(19) in the simulation; the results are shown in Figure 9, along with the previous
method of correcting the estimated s,. Clearly the mean-method is estimating the correct g,, and, most notably, its
scatter is dramatically smaller than that of the corrected s,,.

20

alpha = 0.1
_ RC = 50 sec
bkg = 100 cpm

dT = 5sec
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Sample size

Figure 9. Estimation of countrate variability using the mean (blue boxes) and bias-corrected s, (green
boxes). All boxes 95% level.
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What is being graphed in the blue boxes in this figure is the ratio of eqn(19) divided by eqn(15):
R — kEWMA \Y Cb
a -
———— 4/ C
\/ JAr VP

_ S
G,
(2-«a

and since the expected value of the mean EWMA-filtered countrate is just the constant background countrate (as
was shown above), the expected value of this ratio is unity. This is reflected in the figure.

Estimated-to-true std dev (s/sigma)

090 092 094 09 098 1.00 102 104 106 108 1.10
Il
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0 20 40 60 80 100 120 140 160 180 200

Sample size

Figure 10. Mean-method estimates of sigma-b, with 95% bounds.

Bias-Correction Methods

There are three methods that might be used to remedy this bias situation. The assertions stated below can be proven
analytically and/or demonstrated with simulation results that will not be presented here, for brevity:

1. Use eqn(1) s; and correct it for autocorrelation using eqn(2) and the filter ACF.

Must know ACF analytically and must take samples in 4¢ (time-ordered) sequence.

ACF estimated from observed data is biased (see [1]); it will not work. Also, empirical ACFs require impractical
sample sizes.

Corrected s;, has no bias but has large scatter.

2. Use s, with spaced samples (''wait > three time-constants between measurements'').
Does eliminate autocorrelation; must be able to find minimum wait time, could need ACF for this.
Not biased, but still large scatter.

Not the way the instrument operates in practice, hence these are artificial measurements.

3. Establish relation of mean to o, then estimate mean (not s;) from monitor data.
Only possible when input data is Poisson (as we have for detector pulses).
Mean can be shown to be unbiased in presence of autocorrelation.
This method is independent of timing; samples can be at each A4¢, with wait time, or random intervals.

Will work for nonconstant-gain (adaptive) digital filters.
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Either analytical or Monte Carlo to establish how o, varies with mean cpm.

This method, using Monte Carlo, was successfully used in the calibration of the Shoreham DRMS, which had an
adaptive countrate filter.

Dramatically smaller scatter in o, estimates, especially at practical sample sizes, and thus better MDC estimates.

To see that the bias is removed, and to see the relative scatter in the g, estimates, consider Figure 11. This shows the
Method 2 and 3 results for a simulation run where both methods used the same EWMA data, and both used the same
wait time. The mean values of both sets of data are very close to unity, showing that the bias has been removed. The
widths of the boxes represent, as in previous figures, 95% of the data at each sample size. Clearly Method 2 results
in much more dispersion of the g, estimates than does Method 3, for a given sample size.

The "wait time" for Methods 2 and 3 in these plots is 44 time steps (of 5 seconds each), and this was calculated by
finding the number of lags needed to reduce the autocorrelation to 0.01. This calculation is possible, as is the bias
correction in Method 1, only because the ACF of the EWMA has been derived. (Note that Method 3 does not
depend on this wait time; it was convenient in coding the simulation to use the same delta-t for both methods.)

15

Alpha = 0.1
7 N = 1000

14

Estimated std dev ratios

il
o

T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Sample size
Figure 11. Bias-correction sigma ratios for Method 2 (green boxes) and Method 3 (blue boxes).

Another, concise, way to show the relative precision of these methods is a plot representing the “normalized” scatter
(i.e., the relative error) in the o, estimates for each method. This is shown in Figure 12. The dots represent quantile
estimates from simulation data, while the curves are based on analytical functions. The quantiles are those that
represent a "one-sigma" range of observed o, estimate values.

Figure 12 shows that the precision of the Method 3 estimates is about one percent or less, and is a weak function of
the sample size, while Method 2 varies from around 15% at N=20 to about 5% at N=200. Method 1 results in the
worst-precision estimates. All three methods do eliminate the bias, but they differ significantly in precision. As a
general principle of data analysis, we would presumably want to use the minimum-variance, unbiased estimator,
and, here, that is Method 3.

As a practical matter in conducting measurements, it is also important to emphasize again that Method 3 does not
depend on any particular timing requirement, e.g., at each 4t or at some wait time between samples. This is because,
for a constant-mean random process, where (or more correctly, when) we sample that process will have no effect on
our estimate of the mean level of the process. And the underlying autocorrelation structure of the process itself (as
opposed to the ACF of the spaced samples) is not altered by the spacing of the samples.
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Figure 12. "One-sigma" relative error in estimates of o, for indicated method. Points are simulation results.
Methods 2 and 3 use 44-step wait time, Method 1 used all samples, in sequence.

Conclusion

At a minimum there should be some discussion in the MDC calculation documentation of this bias and precision
issue, when using s, to estimate g, for the MDC calculations, for ratemeter-based instruments. A recommended
method for resolving the bias, perhaps Method 3 above, should be presented in an Appendix. Any alternative to that
method, that users choose to apply, should be carefully justified statistically, and should be thoroughly documented.
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Appendix D

Activity / Countrate Profiles

Unpublished

This appendix contains 2D plots of activity and 3D plots of countrate, on RW and CW filters. The 2D plots are for a constant
input concentration, as well as an exponentially-decreasing concentration, for both a LL nuclide and Rb*. The activity is
shown in two columns, increasing in time from the top left to bottom right, with the elapsed time indicated. The transit time is
120 min. These profiles will represent countrates, if a flat (constant) detection efficiency is assumed. The 3D versions are for
countrates; these show the effect of the nonconstant geometric efficiency that actually applies. The observed countrate is the
volume under these surfaces.

The 2D profiles in this Appendix can be considered a "side view" of 3D surfaces that are generated using a flat efficiency
(constant across both dimensions of the RW deposition area). One purpose of creating these profiles was to show that those
sketched in the patent mentioned in Chapter 9 are not consistent with these. The profiles in the patent could apply for a LL
nuclide (they are linear), but the purpose of the patent relates to Rb™ (leak detection), and those profiles can be seen herein to
be curved. Thus the patent is internally inconsistent.

The regions of a circular deposition area viewed by the three window types. The square and rectangular
windows in the plots below are sized to just fit within the circular window region.
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Figure 1. Activity profiles, activity per unit area vs. window position, RW, at various times.
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Figure 2. Same as Fig. 1, for Rb-88.
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Figure 3. Same as Fig. 1, for an exponentially-decreasing input concentration.
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Figure 4. Same as Fig. 2, for an exponentially-decreasing input concentration.
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Figure 5. CW flat-efficiency countrate-per-unit-area surfaces.These surfaces are directly proportional to the activity
per unit area I(x,y), for the top nuclide (60 min halflife) in a 3-chain, at six time steps, increasing down the columns,
left to right. In the early stages the activity per unit area is constant, but over a decreasing portion of the deposition
window. By the last time step the activity is continuously changing across the window.The total countrate is the volume
under the surfaces.
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Figure 6. Same as Fig. 5, but with geometric efficiency applied.
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Figure 7. RW, 3-chain, top nuclide differential cpm/area surfaces, with flat, average efficiency (blue), geometric = red.
The nuclide has a halflife of 60 min, so is not considered LL and thus there is some slight curvature.
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Figure 8. Same as Fig.7 for a square deposition area
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Figure 9. Same as Fig. 7 for a circular deposition area.



