
AN ABSTRACT OF THE THESIS OF

Kevin G. Hart for the degree of Master of Science in Radiation Health Physics

presented on April 26, 2002. Title: Predicting Instrument Detection Efficiency

When Scanning Small Area Radiation Sources.

Abstract approved:

Accurate quantification of radionuclides detected during a scanning survey

relies on an appropriately determined scan efficiency calibration factor (SECF).

Traditionally, instrument efficiency was determined from a fixed instrument to

source geometry. However, as is often the case, the instrument is used in a

scanning mode where the source to instrument geometry is dynamic during the

observation interval. Three separate procedures were developed to determine the

SECF for a 10 cm x 10 cm source passing under the centerline of a 12.7 cmx 7.62

cm NaI(T1) detector. The procedures were first tested for determining the SECF

from a series of static point source measurements generated by the Monte Carlo N-

Particle (MCNP) code. These static efficiency values were then used to predict the

SECF for scan speeds ranging from 10 cm s1 to 80 cm s1 with a one second

observation interval. The investigator then used MCNP to directly determine the

SECF by simulating a scan of a 10 cm x 10 cm area source for scan speeds ranging

from 10 cm s1 to 80 cm s1. Comparison of the MCNP static simulation with the
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scan simulation showed the accuracy of the SECF prediction procedures to be

within +5%. Experimental results further show the three procedures developed to

predict the actual SECF for a 10 cm x 10 cm source to be accurate to within ± 10%.

Besides the obvious application to determine an SECF for a given scan speed, this

method can be used to determine the maximum detector or source velocity for a

desired SECF. These procedures are effective and can likely be extended to

determine an instrument specific SECF for a range of source sizes, scan speeds, and

instrument observation intervals.
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Predicting Instrument Detection Efficiency When Scanning Small Area Radiation
Sources

ABSTRACT

Accurate quantification of radionuclides detected during a scanning survey

relies on an appropriately determined scan efficiency calibration factor (SECF).

Traditionally, instrument efficiency was determined from a fixed instrument to

source geometry. However, as is often the case, the instrument is used in a

scanning mode where the source to instrument geometry is dynamic during the

observation interval. Three separate procedures were developed to determine the

SECF for a 10 cm x 10 cm source passing under the centerline of a 12.7 cm x 7.62

cm NaI(Tl) detector. The procedures were first tested for determining the SECF

from a series of static point source measurements generated by the Monte Carlo N-

Particle (MCNP) code. These static efficiency values were then used to predict the

SECF for scan speeds ranging from 10 cm s1 to 80 cm s1 with a one second

observation interval. The investigator then used MCNP to directly determine the

SECF by simulating a scan of a 10 cm x 10 cm area source for scan speeds ranging

from 10 cm s' to 80 cm s1. Comparison of the MCNP static simulation with the

scan simulation showed the accuracy of the SECF prediction procedures to be

within E5%. Experimental results further show the three procedures developed to

predict the actual SECF for a 10 cmx 10 cm source to be accurate to within ±10%.
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Besides the obvious application to determine an SECF for a given scan speed, this

method can be used to determine the maximum detector or source velocity for a

desired SECF. These procedures are effective and can likely be extended to

determine an instrument specific SECF for a range of source sizes, scan speeds, and

instrument observation intervals.



INTRODUCTION

Accurate quantification of radionuclide contamination of surfaces is required

for normal operation and post operation (e.g. decommissioning) activities of

facilities using radioactive material. Static and scan instrumentation readings as

well as laboratory analysis of samples of potentially contaminated areas are used to

demonstrate compliance with applicable criteria. Many of these analyses can be

time consuming and expensive. It is therefore conducive to develop procedures

which provide for both accurate as well as cost effective measurement of

contamination.

Procedures have been in place since the late 60's to determine calibration

factors for instruments designed to measure radionuclide inventory on surfaces.

These procedures were initially developed to help determine levels of radioactive

fallout from world-wide nuclear tests. The procedures developed by the

Department of Energy for in-situ gamma spectroscopy (Beck 1972) and those

developed to deal with nuclear weapon accidents are easy to use for static

measurement of radionuclide inventory on a soil surface or with volumetric

contamination distributed below the surface. The procedures to determine

calibration factors also lend themselves to modification for scanning applications.

Calibration factor or detection efficiency determinations are typically

conducted with the source to detector geometry held constant. Those factors that



contribute to detector efficiency such as geometry, photon energy, and detector

type are therefore held static and an appropriate calibration factor can be

determined (Knoll 1989). In the case of a detector being used in a scanning mode,

the source to detector geometry is no longer held constant. This is especially true

when the observation interval is long enough for a significant change in source to

detector geometry during the observation interval. If an appropriate calibration

factor is to be found or predicted for this dynamic state, a method to simulate the

conditions of a scan must be developed.

In order to build upon work conducted by Duffy (2001), who developed a

procedure to predict the scan detection efficiency of a NaI(Tl) detector for hot

particles, this work focuses on the testing of several methods designed to predict

the scanning detection efficiency and determine a scan efficiency calibration factor

(SECF) for small area sources. In the myriad of possible source detector

geometries that are seen during radiation surveys, the determination of a detector's

response to small distributed areas of radionuclide contamination is instructive.

The methods presented here can subsequently be modified for other detectors and

various size area sources. Constraints on the source size that could reasonably be

tested in the laboratory, as well as required computer simulation time, dictated the

source size evaluated in this work.

Accurate determination of area activity using a SECF would find use in

facilities where applicable limits are defined in terms of Bq 100 cm2 (total) or in



environmental characterization where the measurement of interest may be in kBq

m2. For the case of known source areas, the total activity of the source can be

determined from a scan measurement using an appropriately determined SECF.

LITERATURE SEARCH

A good deal of work has been conducted on methods to determine area

activity under various conditions and using various instrumentation. The following

is a general description of previous work related to the determination of static area

calibration factors and SECFs. These works provided the basis from which this

research extended.

BECK

The definitive work in the area of in-situ gamma spectroscopy was conducted

by the Department of Energy's Environmental Measurements Laboratory (EML),

formally the Health and Safety Laboratory (HASL) (Beck 1972). They

investigated methodologies to correlate data from an in-situ measurement of the

gamma energy spectrum obtained by a Ge(Li) or NaI(Tl) scintillation detector to

radionuclide inventory in soil. The goal was to develop a procedure that would

enable a detector to be used in the field for a quick assessment of radionuclide

concentration in the soil following a fallout event or a reactor accident. Through an

experimental and theoretical determination of the photon angular flux correction,



parallel flux fraction, and total uncollided flux per unit radionuclide inventory, the

calibration factor Nf/A, representing the total peak count rate (cpm) per unit

inventory (Bq m2), could be obtained. With this energy dependent calibration

factor the gamma energy spectrum could then be analyzed to obtain an estimate of

the radionuclide inventory at the point of measurement.

A comparison of the results of this methodology with laboratory samples

indicated that above 500 keV the accuracy was within 10% and below 500 keV

within 15% (Heifer 1988). Typica1 gamma energy spectrums were obtained using

count times of approximately 10 mm. The advantage of this procedure comes from

the large surface area and soil volume that is "seen" by the detector versus the

volume of soil in a typical laboratory sample. A circle of radius 10 m is "seen"

with a detector positioned at 1 m above the ground surface.

Beck's work showed that through knowledge of the angular response of a

detector to surface contamination, an appropriate calibration factor can be obtained.

Several constraints of this methodology as it relates to scanning detection

efficiency determinations must be mentioned. Firstly, due to the large area seen by

the detector positioned at 1 m above the ground, small variations in activity

distribution are averaged out. Assuming the detector can "see" a circular area of

radius 10 m, means that no information below 314 m2 can be resolved. Secondly,

each measurement must be conducted with the detector in a static state, thus

increasing the time necessary to determine the surface activity distribution of a
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large area. Finally, the methodology as presented does not easily lend itself to a

determination of the parameters necessary for a determination of an SECF.

NATIONAL COUNCIL ON RADIATION PROTECTION AND
MEASUREMENTS REPORT NO. 112

A more straightforward methodology for the determination of an area

calibration factor is presented by the NCRP (1991). For the case of measuring an

extended or area source of contamination, it is preferable to relate an area

calibration factor to an extended calibration source. However, due to cost, size and

manufacturing limitations it is not always feasible to use an extended calibration

source. A suitable method of determining an areal calibration factor is to use a

series of point source measurements. The efficiency of detecting a point source

moved along a straight line on a plane parallel to and below the detector face yields

the detection efficiency for an associated annular ring of activity of width equal to

the distance between measurements.

The resulting summation of the product of the point efficiency measurements

and corresponding annular areas divided by the sum of the annular areas yields the

area calibration factor (EA). The area calibration factor for this case can be

expressed in terms of counts per disintegration over an area chosen by the user.

The procedure demonstrates that the static area calibration factor can simply be

determined from a series of point efficiency measurements over an area. However,



as with the procedure described by Beck et al. (1972), no information as to the

effect of detector motion is presented.

HOMANN

The Field Instrument for Detection of Low Energy Radiation (FIDLER)

software program (Homann 1994) utilizes a procedure similar to that proposed in

NCRP 112. Department of Energy and Department of Defense radiological

emergency response teams utilize the FIDLER system and software. The software

program is specifically designed for use with the FIDLER system for detection of

distributed plutonium or weapons grade uranium, but can be used with any detector

or radionuclide. The program utilizes a series of static scaler measurements from

the centerline to a distance of 1 m, and a curve of the form C(r)=aebr is fit, where r

is the distance between static measurements with regression constants of a and b.

The software program discretely integrates this function from zero to infinity in

polar coordinates and divides by the calibration source activity yielding the areal

counting efficiency (Sa) in counts m2 Bq' mm1.

The procedure is easily programmed and performed in the field. However,

as seen previously, the procedure is only used for static measurements. The curve

fit and integration procedure performed do not provide for user manipulation of the

area over which the areal efficiency is determined and thus only yield an average

surface area activity for the area seen by the detection system.



MARTANNO AND HIGLEY

In an effort to determine the extent to which detection efficiency is affected

by detector motion, Marianno (2000) conducted a theoretical and experimental

evaluation of scanning detection efficiency. The Monte Carlo N-Particle code

(Briesmeister 1977) was used to model the relative motion between a detector and a

point source of radioactive material. As the relative velocity of the particle was

increased, there was a corresponding decrease in detection efficiency. In order to

reproduce these results experimentally, Marianno built a device that would move a

source under a radiation detection system on a constant scan plane. This system,

known as the Marianno Research Sled (MRS), was equipped with a mechanism

that could move a sled tray under a detector positioned on the track centerline,

simulating the relative motion between a source and detector in a scanning mode.

Marianno's theoretical examination of point source scanning efficiency

yielded a useful relationship for the examination of an areal source using MCNP.

The point source was expressed as an elongated source in the direction of the scan

to simulate the relative motion of the source. Marianno modeled the point source

motion as a line source.
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DUFFY

The most useful work to relate point source efficiency measurements to

scanning detection efficiency was performed by Duffy (2001). Duffy showed that

a series of static efficiency measurements could be used to predict an instrument's

scanning detection efficiency for point sources. Using MCNP simulations and

experimental trials, Duffy showed that with a known observation or counting

interval1 and known detector speed, the total displacement of the detector during an

observation interval is the product of these two values. The procedure requires a

determination of instrument static efficiency below the centerline of the detector

and out to a distance equal to half the total displacement of the detector in the

direction of scan. Each discrete static efficiency is equally spaced. By virtue of the

geometric symmetry of the detector and source, the efficiency measurements can be

mirrored to the opposite side from where the static efficiency measurements were

conducted (Figure 1). The average of these discrete efficiency values is the

prediction of peak scanning detection efficiency for a point source.

The theoretical examination of this procedure using MCNP showed that the

prediction method was accurate to within ± 5% for scan speeds ranging from 10 cm

s1 to 80 cm s. Experimental examination showed that the predicted values of

scan efficiency and the observed scan efficiency were accurate to within ± 10%.

Defined as the time over which logic pulses are counted by the scaler.
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Additionally, Duffy demonstrated the predicted scan efficiency can be used to

accurately predict the activity of an unknown point source of radioactive material at

speeds ranging from 10 cm s to 80 cm

The method, however, has some limitations. The primary limitation is that

the procedure is only relevant for point sources or "hot particles" of radioactive

material. The source must also pass directly beneath the centerline of the detector.

Finally, the method only predicts the peak scan detection efficiency and does not

account for instrument effects or the fact that the source may not pass directly

under the detector centered in the observation interval.
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MATERIALS AND METHODS

The task of developing and testing a procedure that would accurately

determine the scan detection efficiency for a 10 cm x 10 cm source was broken

down into several steps. First, a computer model was used to generate a series of

static point efficiency measurements, which could be used to predict the static

efficiency of a small area source. Secondly, point source efficiency simulations

were conducted over the total displacement of the source during an observation

interval of 1 s for scan speeds ranging from 10 cm s to 80 cm The total

displacement of the source is the distance the source travels during the 1 s

observation interval.

Next, the computer model was modified to simulate the relative motion of

the area source from 10 cm to 80 cm s1 as it passed under the detector yielding

a peak area scan detection efficiency for a series of detector velocities. The

observation of interested is the effect of the relative motion. It would not matter

whether the source or the detector was moved in this examination. The total

displacement is the value of relative motion. The relative motion would be the

same regardless of whether motion is viewed from the frame of reference of the

detector or the source. From a practical standpoint, it was much easier to model

and experiment with a change of source geometry rather than modeling the

movement of the detector or moving the detector assembly during experimentation.

The resultant instrument efficiency values would be the same. After the accuracy
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of the prediction method was verified for the simulated data, experimental trials

were conducted utilizing the MRS. The following sections describe each of these

tasks in detail.

POINT SOURCE COMPUTER SIMULATIONS STATIC AREA EFFICIENCY

Monte Carlo N-Particle Code (MCNP4b) was used to examine the

effectiveness of utilizing a series of static instrument detection efficiency

measurements to predict the static detection efficiency of a NaI(Tl) scintillation

detector for a 10 cm x 10 cm source of 1076 keV photons. The model design was

created to simulate the environment, detector, and MRS components available in

the laboratory. Both the model and laboratory setup were chosen to simulate the

environment of a typical land area survey. The NaI(T1) detector was modeled to

simulate the detector available in the laboratory. It was modeled as a right cylinder

of sodium iodide crystal with diameter 12.7 cm and thickness 7.62 cm surrounded

by a 0.08 1 cm thick aluminum housing. The detector was placed 7.62 cm above

the surface of modeled coral-like sand which corresponds to a typical scan height

used in the field. The sand was modeled with a density of 1.55 g cm3. Modeled

dry air was placed between the surface of the sand and the detector. A simulated

point source emitting 1076 keV photons isotropically was placed on the surface of

the sand to simulate the 86Rb isotope that was used during experimental trials.
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The first series of MCNP4b simulations focused on a static determination of

detection efficiency as a function of displacement from the central axis of the

detector. Detection efficiencies for the point source were determined in 1.25 cm

increments from 0 cm to 5 cm along the x-axis and 1.25 cm increments from 0 cm

to 5 cm along the y-axis (Figure 2). A total of 25 simulations were carried out in

this quadrant. Because of the symmetry of the right cylinder the efficiency values

generated by the simulation were mirrored to each of the other three quadrants

yielding efficiency values in a 9 x 9 matrix corresponding to the 10 cm x 10 cm

areal source. Five million particle histories were performed at each increment of

displacement. There are a number of ways the detection efficiency could have been

determined. The differences, however, would only affect the magnitude of the

detection efficiency. In this modeling effort, the detection efficiency was

calculated by dividing the number of total absorption interactions within the

detector by the number of photons emitted by the simulated source. The results of

this first series of simulations provide theoretical static instrument detection

efficiency as a function of position from the central axis of the detector. Data from

these simulations were used to calculate a predicted value of the static area

detection efficiency for a homogenous 10 cm x 10 cm areal source.

Two methods were used to predict the static efficiency of the area source.

The first method used the efficiency values contained in the 9 x 9 static efficiency

matrix and averaged them arithmetically. The geometric symmetry allows for the



Central Axis of Detector
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Figure 2. Model geometry for MCNP4b investigation of 12.7 cm x 7.62 cm NaI(Tl)
Scintillator Point Source Static Efficiency.
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25 data points in the lower right quadrant to be mirrored to the lower left quadrant

and subsequently to the other two quadrants. The arithmetic average of the 81

static efficiency values contained in the 9x9 matrix is the predicted value of static

area efficiency (EA) for the 10 cm x 10 cm areal source.

EA (1)
n

where

E1 the static efficiency for the jth spatial position
n = number of spatial positions

An alternate method to predict the static areal source efficiency was also used

as described in NCRP 112 (1991). The point efficiency values from the centerline

of the detector extending radially perpendicular to the direction of scan were used

to determine the static area! source efficiency. The equations below describe how

the detection efficiency was determined.

a. =ir(w2 +2iy)

where

(2)

w = Width of the annular ring (distance between discrete point efficiency
measurements)

= inner radius of the th ring element as measured from below the centerline
of the detector

a = the area 0fth annular ring



EI1

i=O (3)

where

E1 = the counting efficiency for the th annular ring

Additional data analysis was conducted using the static point efficiency data

set to determine the number of data points necessary to accurately predict the static

detection efficiency of the 10 cm x 10 cm source. The analysis consisted of

determining the predicted efficiency of the area source for increasing number of

sample points and evaluating the relative error on each estimate of area source

efficiency. This analysis showed that the use of 1.25 cm mesh was numerically

resolved, meaning that the use of a smaller mesh would be unnecessary and not

provide a significantly better estimate of the static efficiency of the area source.

The relative error was also shown to decrease with increasing number of data

points used to predict the area source efficiency and leveled off at 1.25 cm mesh.

The 1.25 cm mesh also was the smallest mesh that could reasonably be used during

the experimental phase of this research due to the manual placement of the point

source that was necessary. These static efficiency predictions were then compared

to the static efficiency of the area source from simulation of a 10 cm x 10 cm

source.
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AREA SOURCE COMPUTER SIMULATION STATIC AREA EFFICIENCY

MCNP4b was again used to examine the static efficiency of a 10 cm x 10 cm

area source centered under the centerline of the detector. The detection efficiency

of a NaI(Tl) scintillation detector was determined for the source. The model design

was similar to the static point source simulations except for the source dimensions.

The NaI(Tl) detector was modeled as a right cylinder of sodium iodide crystal with

diameter 12.7 cm and thickness 7.62 cm surrounded by a 0.08 1 cm thick aluminum

housing. The detector was placed 7.62 cm above the surface of modeled coral-like

sand with a density of 1.55 g cm3. Modeled dry air was placed between the

surface of the sand and the detector. A simulated 10 cm x 10 cm x 1 tm source

emitting 1076 keV photons isotropically was placed on the surface of the sand

(Figure 3).

Five million particle histories were performed for the source centered

directly below the centerline of the detector. There was an equal probability of a

photon being emitted from any location within the source area. Detection

efficiency was calculated by dividing the number of total absorption interactions

within the detector by the number of photons emitted by the simulated source. The

results of this simulation provided theoretical static instrument detection efficiency

for the area source. The results of this simulation were compared to the predicted

efficiency from the static point source simulations.
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POINT SOTJCE COMPUTER SIMULATIONS SCAN EFFICIENCY
PREDICTION

Static point source simulations were continued from the initial set of 25

simulations along the direction of the simulated scan. At each increment of 1.25

cm along the y-axis five simulations were conducted from the centerline along the

x-axis at 1.25 cm increments until a total of -45 cm displacement along the y-axis

had been achieved. This resulted in a total of 185 static point simulations covering

the lower right quadrant along the scan direction. The resulting area covered by

point source simulations was 0 cm to 5 cm along the x-axis and 0 cm to -45 cm

along the y-axis. Appendix A contains a detailed walkthrough of each prediction

procedure presented in this paper. Appendix B contains the simulated efficiency

values of the point source computer simulations.

Three separate methods were developed and used to predict the scan

detection efficiency for the 10 cm x 10 cm source. Predictions were made for

speeds ranging from 10 cm s1 to 80 cm s1. Each method provides unique

calculation alternatives along with advantages and disadvantages to predict the scan

detection efficiency.

Duffy Single Point Estimate

The first prediction method has been named the Duffy Single Point Estimate

(SPE), since the prediction procedure is based on the method used by Duffy to

predict the scan efficiency of a point source. The first step in this method requires
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that for each interval of displacement, the 10 cm x 10 cm static area detection

efficiency be determined. The static efficiency was determined as described above

by averaging the static point efficiency values contained in the 9x9 static point

source efficiency matrix for the source centered below the detector at 5 cm to +5

cm along the x-axis and 5 cm to +5 cm along the y-axis. The next static

efficiency determination was conducted by incrementing the matrix by 1.25 cm in

the y direction and the next 9x9 static point source efficiency matrix averaged. In

other words the static efficiency measurements corresponding to 5 cm to +5 cm

along the x-axis and 6.25 cm to +3.75 cm along the y-axis. This procedure was

then repeated until a total displacement of-40 cm from the centerline of the

detector to the center of the source in the direction of scan had been achieved.

Because of the geometric symmetry of the right cylinder and the static efficiency

measurements, this procedure was only conducted in one direction corresponding

to the y direction and the resultant values of efficiency were mirrored in the

opposite direction to +40 cm.

The next step in the Duffy SPE involves determining the observation interval

for the detection system to be used. In this research the observation interval of I s

was chosen since this is a typical observation interval used for commercial

radiation detection systems. The desired scan speed for which the prediction

method will be used is then determined. A range of scan speeds was used for this

work reflecting the typical range used for operational health physics as well as
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decommissioning activities. Next the total lateral displacement (TLD) of the

source is determined by multiplying the observation interval by the scan speed.

This TLD is measured from centerline of the detector centered in both the positive

and negative direction of scan. Those static efficiency values which fell in the

interval -TLD/2 and TLD/2 were then arithmetically averaged (Duffy 2001)

(Figure 1). This average became the predicted value of scan efficiency calibration

factor (SECF) for the 10 cm x 10 cm source at the chosen scan speed.

SECF j1
n

where

(4)

n = Number of discrete area efficiency estimates between -TLD/2 and
+TLD/2

EA = The ith static area! efficiency measurement

Weighted Full Estimate

The second prediction method will be known as the Weighted Full

Estimate (WFE). This method is slightly more difficult conceptually; however, it

leads directly to the predicted value of scan detection efficiency. The WFE was

developed in conjunction with the development of the MCNP4b input deck for

simulating a scan. It is first necessary to visualize the source moving under the

detector during a scan. As the source enters the observation interval, there is equal

probability of a photon being emitted from any location within the area of the
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source. As the leading edge of the source then moves closer to the detector along

the axis of scan there is no longer any possibility of a photon being emitted from

the location where the trailing edge of the source was first positioned. Now,

however, there is twice the probability at this hypothetical next increment of a

photon being emitted from a location which overlaps the spatial coordinates of

where the source started. Determining this emission probability distribution is

necessary in predicting the scan detection efficiency (Figure 4).

The first step in the WFE was to determine the TLD. TLDs for scan speeds

ranging from 10 cm to 80 cm s1 were determined. The next step using this

procedure was to determine the range of static point efficiency values that fell in

this TLD plus the source size. For the case of 10 cm and a 1 s observation

interval, the TLD is 10 cm. This 10 cm is then added to the source size in the

direction of scan, in this case 10 cm, resulting in a 20 cm length of interest. In

other words, the static point efficiency values falling in the interval +10 cm to 10

cm are determined. For the case of 10 cm s the length of interest corresponded to

17 rows of static point efficiency values in the direction of scan at the 1.25 cm

mesh size.

The next step in the WFE is to weight each row according to its probability of

contributing a photon during the observation interval. The first row of static

efficiency values, corresponding to a displacement from the centerline of -10 cm in
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the y direction was given a weight of one. The next row closer to the detector was

given a weight of two and so on until the source length in the direction of scan was

weighted. The maximum weight for this scenario is nine which is the number of

static point efficiency values corresponding to the 10 cm x 10 cm source size in the

y direction. This means that once the length of source in the direction of scan

corresponding to the rows of static efficiency data had been covered, each

subsequent row can only be weighted a maximum of nine. This maximum weight

is assigned to each row of static point efficiency values perpendicular to the scan

direction (x direction) until the row corresponding to the source size is reached.

Each row of efficiency values at the end of the scan is similarly weighted with the

row corresponding to the end of the scan being assigned a weight of one and

increasing to a weight of 9 for this 10 cm x 10 cm source with a 1.25 cm mesh size.

The weighted average of all rows of static point efficiency values then

becomes the predicted value of SECF for the scan speed chosen. In this case, the

weighted average of the 17 rows of efficiency values in the y direction becomes the

predicted value of scan efficiency for 10 cm s for a 10 cmx 10 cm source with an

instrument having a 1 s observation interval.
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SECF
N

1=1

(5)

n1 w1

where

w = Efficiency value row weight
= Efficiency of the t11 element in the row perpendicular to the direction of

scan
N = Number of rows between -TLD/2 and +TLD/2
nj = Number of efficiency values in the th row

Annular Scan Efficiency Estimation Method

The final method used to predict the scan detection efficiency for the modeled

detector was a combination of the method described in NCRP 112 and the Duffy

SPE. This method is referred to as the Annular Scan Efficiency Estimation

(ASEE). For each increment of displacement the static efficiency of the detector

for detection of the 10 cm x 10 cm source was determined using the method

described in NCRP 112 as discussed above. These discrete static area efficiencies

are determined from -TLD/2 to +TLD/2. Just as in the Duffy SPE methodology,

those discrete efficiency values falling between -TLD/2 and +TLD/2 are averaged.

This average is the predicted value of the SECF for the scan speed and observation

interval chosen.



AREA SOURCE COMPUTER SIMULATIONS SCAN EFFICIENCY

MCNP4b was used to examine the scan efficiency of a 10 cm x 10 cm

radiation source passing under the centerline of the detector. MCNP4b does not

allow for the modeling of motion. The relative motion therefore had to be

represented by a static source. Previous work using MCNP4b (Marianno 2000;

Duffy 2001) demonstrated that the relative motion of a point source could be

represented as a line.

However, in the case of an area source it was not sufficient to represent the

square as a rectangle elongated in the direction of scan. In order to determine a

random position for the start of a particle history, MCNP4b chooses a random

number in the x, y, and z-axis as the starting coordinates of the photon. In the case

that there would be equal probability ofa photon being emitted from this

rectangular source, this process would be sufficient. In actuality, as the source

begins movement from its start position the leading edge of the source has a higher

probability of a photon being emitted than does the source trailing edge due to

source spatial overlap during motion. Figure 4 shows graphically how at each

increment of position the probability of photon emission grows until a maximum

probability is reached. A corresponding decrease in emission probability occurs at

the end of the scan observation interval.

A probability distribution was created to represent the increase in emission

probability as the scan begins and corresponding probability decrease as the scan
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interval ends due to the overlap of source spatial coordinates. MCNP4b allows for

defining the probability of a particle starting at a given location within the source

using a histogram of emission probability. MCNP4b defines the dimensions and

emission probability through the source information (SI) and source probability

cards (SP). The SI card describes the spatial coordinates along an axis of interest,

which define the source. In the case of the 10 cm s' scan simulation, the direction

of scan corresponds to the relative motion along the y-axis. The total lateral

displacement (TLD) of the source during a scan was defined as the product of the

observation interval (1 s) and the speed of the scan (10 cm s1). The TLD for this

case was 10 cm. The TLD was taken from the center of the source and the

centerline of the detector yielding a source defined as being from 10 cm to +10 cm

along the y-axis. The SI card was then broken into 1 cm increments with

corresponding increase in SP at each increment until a maximum emission

probability had been achieved. Further analysis of the 1 cm mesh size

demonstrated that this mesh size was numerically resolved. A slightly better

estimate of scan efficiency could be achieved by making the probability increments

smaller; however, the difference between the efficiencies observed with and

without the probability correction was less than 10% and decreased with an

increase in the simulated speed of the source. Once the maximum probability had

been achieved, the number of 1 cm increments was then multiplied by this

maximum probability until the probability distribution again began to decrease at



the end of the scan motion. This product was then the total probability of a photon

being emitted from the central region of the source. Table 1 shows the probability

distributions used for scan speeds from 10 cm s1 to 80 cm s.

The model design was similar to that of the static area source simulations

except for the source dimensions. Five million particle histories were performed

for the source centered directly below the centerline of the detector. Detection

efficiency was calculated by dividing the number of total absorption interactions

within the detector by the number of photons emitted by the simulated source. The

results of this simulation provided theoretical scan detection efficiency for the area

source. The result of this simulation was then compared to the predicted scan

efficiency from the static point source simulations.

EXPERiMENTAL DESIGN AND TRIALS

MCNP4b was used solely as a source of static point efficiency and scan

data from which the procedures described above could be developed. In order to

fully gain confidence in the procedures developed it was necessary to undertake a

series of experimental trials to attempt to validate the SECF prediction procedures.

The first series of experimental trials determined the static point efficiency of a

86Rb point source for each mesh location through the entire displacement of a 10

cm x 10 cm source during a scan. The second series of experiments were
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Table 1. MCNP4b simulation source size and emission probability distribution for
scanning of 10 cm x 10 cm area source.

Simulated Source
Source Emission Probability Distribution (+y)Scan Dimensions

Speed (±x ±y) for a 1 cm mesh
(cm s1) (cm,cm)

10 5x10 123456789 2098 7654321
20 5x15 123456789120987654321
30 5x20 123456789220987654321
40 5x25 I 23456789320987654321
50 5x30 123456789420987654321
60 5x35 123456789520987654321
70 5x40 123456789620987654321
80 5x45 1 2 3 4 5 6 7 8 9 720 9 8 7 6 5 4 3 2 1
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conducted to determine the scan efficiency of a 10 cm x 10 cm 86Rb source for scan

speeds ranging from 10 cm s to 80 cm s1.

Experimental Apparatus

The Marianno Research Sled (MRS) located at the Department of Nuclear

Engineering and Radiation Health Physics, Oregon State University (Figure 5) was

used to conduct the experimental trials. This apparatus can repeatedly collect data

at different scanning speeds while maintaining constant detection geometry. The

MRS was designed to be used with various types of detection equipment. This sled

and track system was constructed such that a source placed in the center of the sled

can be moved under a test detector to simulate a scan survey with a detector

moving over a radiation source.

The 5.5 m long track system moves a 94.8 cm by 94.8 cm sled tray via a

chain driven by a variable speed 1/6 horsepower DC motor under a detector

positioned at the midpoint of the track. The 10 cm deep tray contains 2 cm of coral-

like sand (density 1.55 g cm3). Upon initiation of the motor, the sled accelerates

to a constant speed, travels under the detector, and upon deactivating the motor

decelerates to a stop after passing under the detector. The sled is able to achieve

speeds ranging from 10 cm s1 to over 80 cm s1.
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Figure 5. Marianno Research Sled (MRS) located at the Department of Nuclear
Engineering and Radiation Health Physics, Oregon State University. Photo
courtesy of William Duffy.



A 12.7 cm x 7.62 cm NaI(Tl) scintillation detector connected to a standard

Nuclear Instrument Module (NIM) rack was positioned at the midpoint of the track

width and at half the length of the track. The vertical position of the detector was

7.6 cm above the surface of the coral sand. Initial tests of the NIM system were

performed to determine the operating detector bias supply voltage (1000 V) and the

energy resolution of the system at 1076 keV (25%). It was also necessary to shield

the 1776 keVmax (91%) and 697 keVmax (9%) beta particles emitted by the 86Rb

source. A 3 mm thick piece of acrylic was placed between the source and the

detector to attenuate the beta particles. The Single Channel Analyzer was set at a

FWHM width of 272 keV at the 1076 keV total absorption peak. System

background was determined from a 600 s count and a background rate determined.

A photo emitter/receiver switch wired to a digital timer measures the time

the sled tray is beneath the detector. The digital timer can measure this time to the

nearest 0.01 s. As the leading edge of the sled approaches the detector, a light

source is shielded from a phototransistor, actuating the digital timer and as the

trailing edge of the sled passes from beneath the detector, the light source is

unshielded from the phototransistor, and the timer stops. The speed of the cart can

be determined by dividing the length of the cart (94.8cm) by the measured time

interval.

In order to control the desired observation interval of 1 s during the scan, an

infrared switch is placed under the detector deck to initiate and terminate detector
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pulse counting with an infrared light-emitting diode and an infrared sensing

transistor connected to a 1.5 V pull down gate on the pulse counter. The pulse

counter begins counting when the infrared light source is shielded from the sensor

by a cardboard card mounted to the side of the sled as it travels beneath the detector

and stops counting after the card passes and the infrared light source is unshielded.

For each scan speed examined, the length of the card was chosen to yield a 1 s

observation interval. The card was then attached to the side of the sled such that it

was centered on the sled and the source, providing an observation interval equal to

0.5 s on the leading and trailing side of the source for a total observation time of

1 s. The product of scan speed and observation interval determined card length.

Point Source Fabrication

In order to conduct static efficiency measurements, it was necessary to

create a point source of the same radionuclide used for the scan detection efficiency

measurements of the area source. Rubidium chloride was chosen for several

reasons. The RbC1 can be irradiated to obtain 86Rb with a single gamma at 1076

keV (8.76%) with an 18.66 d half-life. RbC1 is also soluble in water and can be

used to make a homogenous area source. Finally, RbC1 is inexpensive and was

available in the department.

Laboratory grade RbCl (mol wt. 120.92 g) was irradiated in the Oregon

State Triga Reactor (OSTR) in order to fabricate a 86Rb point calibration source.
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65 mg of RbC1 was heat sealed inside a 2127th dram polyvial to create the

calibration source and placed inside a 215th dram polyvial for contamination

control. The RbCl was irradiated for 8 h in the OSTR to obtain a desired source

activity of 3.7 MBq (Figure 6). The activity of the source was verified on a

hyperpure germanium (HPGe) detector calibrated with a NIST traceable multi-

nuclide source and determined to be 3.60 ± 0.04 MBq at the time static point

efficiency determinations were made.

Area Source Fabrication

A 10 cm x 10 cm area source of 86Rb was fabricated to experimentally

determine scan detection efficiency for this size area source. Another 65 mg

sample of RbCl was irradiated in the OSTR to create 3.7 MBq of 86Rb. This

activated RbCI was then put into solution by adding it to 10 ml of de-ionized water.

This water was evenly pipetted onto a 10 cm x 10 cm plastic backed absorbent

paper. The water was allowed evaporate, leaving the 86Rb activity deposited within

the paper (NCRP 58). The distribution of the rubidium was assumed homogenous.

This process required 6 days since the paper could only hold 2 ml of water without

runoff. The dried absorbent paper was laminated with two pieces of plastic contact

paper and placed inside a plastic Ziploc bag for contamination control purposes.

The activity of the newly created area source was verified on an HPGe detector

system calibrated with a NTST traceable multi-



37

Figure 6. SECF Calibration Sources. (A) 3.6 MBq 86Rb point source. (B) 10 cm x
10 cm 2.5 MBq 86Rb area source.



nuclide source at a height of 70 cm to reduce geometry effects associated with the

point source calibration and area source measurement. The yield of the activity

transfer to the area source was determined to be 90%. The activity of the area

source at the time of the scan experiments was determined to be 2.52 ± 0.04 IV[Bq.

Point Source Efficiency Measurements SECF Prediction

The initial efficiency measurement was made with the point source

positioned directly below the centerline of the detector. A 120 s count was

collected. The efficiency was then calculated by dividing the number of net counts

per second by the source activity. This measurement was repeated after

repositioning the source at 1.25 cm increments parallel to the scan direction (y-

axis) out to a distance of 45 cm and then incrementing 1.25 in the x-direction and

repeating the measurements in the y-direction out to a distance of 45 cm. This was

repeated out to a distance of 5 cm in the x-direction. The total number of static

efficiency measurements determined was 185 covering 5 cm along the x-axis and

45 cm along the y-axis.

These efficiency values were then used to predict the scan efficiency of a 10

cmx 10 cm area source of 86Rb using an instrument with a I s observation interval

for scan speeds ranging from 10 cm s' to 80 cm s1. The three methods to predict

the SECF developed using the MCNP4b generated data were applied.
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Area Source Efficiency Measurements

The scanning detection efficiency, in other words the SECF, of the 12.7 cm

x 7.62 cm NaI(Tl) scintillator and NIM system as a function of speed was

determined over scan speeds ranging from 10 cm s to 80 cm s1. For each speed, a

card corresponding to a 1 s observation interval was mounted to the side of the sled

tray to initiate and terminate pulse counting. The detector was positioned as during

the static detection efficiency determinations and the 10 cm x 10 cm area source

positioned at the middle of the sled tray. The sled was placed in start position to be

pulled under the detector. The sled and track system drive motor was activated,

pulling the sled beneath the detector, actuating the photo emitter/receiver switch

and timing circuit as well as the infrared counting switch. The drive motor was

deactivated after the trailing edge of the sled passed beyond the counting circuit

switch. The digital readout of the sled tray timer and gross counts collected by

NIM system within the observation interval were recorded. The sled was then

returned to its starting position. Ten trials were conducted for each scanning speed

investigated.

The actual SECF was determined by dividing the net counts per second

collected by the source activity. The average SECF of the 10 trials was used as the

actual SECF for the scan speed under examination. The predicted SECF for the

three methods presented was then compared to the actual SECF.
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ERROR ANALYSIS

The standard deviation of each simulated or experimental value gives an

indication of the precision of that value (Ramsey and Schafer 1997). Error was

propagated through each of the functions developed for each prediction method.

One standard deviation is used as the measure of precision throughout this work.

Due to the spatial correlation of the data, the use of confidence interval multipliers

would not be relevant and give a false sense of the confidence of the SECF

estimate.
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RESULTS AND DISCUSSION

MONTE CARLO SIMULATIONS

Static Areal Efficiency Prediction

In order to develop a procedure to predict the scanning efficiency of a

detector, the logical starting point was to develop a procedure to predict the static

efficiency of an area source. The number of static efficiency points necessary to

accurately predict the static efficiency of an area source was evaluated. The

number of points relates directly to the amount of time necessary to perform this

evaluation in the field. Work cited in NCRP 112 has shown that from the

centerline of the detector a data point should be spaced every 10 degrees as

measured from the centerline of the detector. Once an adequate number of data

points are obtained there is little advantage to increasing the number of data points

used to predict the static efficiency of an area! source.

Although not evaluated in terms of angle from the centerline of the detector,

an evaluation of the number of data points or mesh size needed to accurately

predict the static detection efficiency of an areal source was determined.

Analysis showed that after approximately 20 evenly spaced data points for

the 10 cm x 10 cm source, the prediction is numerically resolved and there is not a

marked increase in accuracy of the prediction method up to 81 points
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corresponding to the 9x9 matrix of data points. Even though there is no large

increase in accuracy by using 81 data points as opposed to using 20, the entire data

set of 81 static point efficiency measurements for each 10 cm x 10 cm source

displacement was used to predict the static and scan efficiency for the area source

under investigation.

Area Source Static Efficiency Comparison

The two methods used to predict the detector's static efficiency for the 10

cm x 10 cm area source were evaluated. The prediction was made by

arithmetically averaging the 9 x 9 matrix of static point efficiency measurements

and the prediction made by using the NCRP 112 method of annual rings were

compared to the efficiency determined from the MCNP simulation of a 10 cmx 10

cm source. Both methods were accurate to within ± 5% (Table 2). The NCRP 112

method over predicted the efficiency of the 10 cm x 10 cm source because the

method assumed the source to be circular with a radius of 6.25 cm. This method

therefore assumed a larger source area and consequently a higher efficiency.

The accuracy of both methods indicate they are adequate procedures to use

when expressing a series of point efficiency measurements as the static efficiency

of the 10 cm x 10 cm area source. This fact makes the use of the Duffy SPE and

the ASEE possible.
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Table 2. Comparison of the arithmetic average and annular approximation with the
static efficiency of a 12.7 cmx 7.62 cm Nal(Tl) scintillator using MCNP4b
simulated 10 cmx 10 cm area source of 1076 keV photons.

Method Efficiency (%) ± 1 std
Arithmetic Average 2.74 ± 0.001

Annular Approximation 2.86 ± 0.001

Simulated 10 cm xlO cm 2.82 ± 0.007
Source
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Prediction Method Comparison

As mentioned previously each prediction method has advantages and

disadvantages. However, for the case of the 10 cm x 10 cm source, the scanning

detection efficiency was equally well predicted by all methods. An efficiency

prediction within ±10 % is considered an acceptable calibration according to the

accuracy and acceptance criteria contained in NCRP 112 (1991). For scan speeds

ranging from 10 cm s to 80 cm s all predictions were <5 % of the simulated

SECF (Figure 7). Differences among the prediction procedures can be attributed to

the each method's assumed source size and sensitivity to large spatial changes in

efficiency. The apparent trend of increasing accuracy at higher scan speeds seen in

Figure 7 is likely due to the increasing influence of low efficiency values at large

distances from the detector. Table 3 shows the comparison of the predicted SECFs

and the simulated SECF

The advantage for all the methods is the ability to predict the area SECF for

scan speeds in the range under study. Each method is also easily programmed into

a spreadsheet for data manipulation. The primary advantage of the WFE is that its

application leads directly to an estimate of
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Figure 7. Accuracy comparison of the three SECF prediction methods to the
simulated scan detection efficiency of a 10 cm x 10 cm source generated by
MCNP4b simulation of the 12.5 cm x 7.62 cm NaI(T1) scintillator. Error bars
indicate ± 1 standard deviation.



Table 3. SECF comparison of MCNP4b simulated 12.5 cm x 7.62 cm NaI(Tl)
scintillator for detection of 1076 keV photons emitted from a 10 cm x 10 cm source
(± lstd).

Speed (cm s') Duffy SPE ASEE WFE Simulated
(%) (%) (%) Scan (%)

10 2.59 ± 0.03 2.67 ± 0.02 2.59 ± 0.03 2.67 ± 0.72
20 2.30±0.02 2.31±0.01 2.30±0.02 2.36±0.68
30 1.98 ± 0.01 1.97 ± 0.01 1.98 ± 0.01 2.03 ± 0.63
40 1.71 ± 0.01 1.69±0.01 1.71 ± 0.01 1.74± 0.59
50 1.49 ± 0.01 1.47 ± 0.01 1.49 ± 0.01 1.52 ± 0.55
60 1.31 ± 0.01 1.29 ± 0.01 1.31 ± 0.01 1.34 ± 0.51
70 1.17±0.01 1.15±0.01 1.17±0.01 1.19±0.49
80 1.05 ± 0.01 1.04 ± 0.01 1.05 ± 0.01 1.07 ± 0.46



47

the SECF. The lack of the intermediate step associated with the SPE and ASEE

slightly reduces the time necessary to predict the SECF using the WFE.

The primary disadvantage for the three methods is seen when the SECF needs to be

determined for a large number of instruments. The number of static point

efficiency measurements needed to determine the SECF for a large number of

instruments would likely be too cumbersome. In order to overcome this

disadvantage, a user would need to demonstrate that for a given class (model) of

detector, the SECF could be normalized to the peak static efficiency of the test

detector. The SECF could then be determined for other detectors of the same class

simply by determining the peak static efficiency of the other detectors and

multiplying by the normalized SECF of the test detector to obtain an instrument

specific SECF.

EXPERIMENTAL TRIALS

The experimentally determined static point efficiency values were used with

the three prediction procedures developed for determining the SECF. Counting

error was used as the estimate of the standard deviation of each measurement. This

error was propagated through the equations used to predict the SECF. These

predictions were then compared to the experimentally determined SECF from the



scan of a 10 cm x 10 cm 86Rb source with a 1 s observation interval. Comparison

indicated that the all three prediction procedures were accurate to within ±10% of

the actual SECF (Figure 8). Table 4 shows a comparison of the predicted SECFs

with the actual experimental SECF.

It was observed in previous trials that the MRS sled speed was not

consistent due to track friction and the small motor size. Two data rejection criteria

were developed to ensure that the observation of interest was not overly affected by

variations in cart speed. The first criterion was that gross count times from sled

trials which exceeded ±5% of the desired observation interval of is were rejected.

Secondly, trials which contributed to an average observation interval exceeding

±1% of 1 s were rejected. This data rejection ensured that the desired observation

interval of 1 s for each scan speed under study was attained. These criteria resulted

in relative error on all scan speeds of <3,2%.

ALTERNATE USE OF THE PREDICTION PROCEDURE

It is often the case that a given practice requires the determination of a

desired scanning speed. Typically, an operator wishes to know for a desired

minimum detectable activity (MDA), what maximum speed of the source or

detector is allowed. MDA is a function of instrument background, count time and
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Figure 8. Accuracy of the three prediction methods when compared to the actual
scan SECF of the 12.5 cm x 7.62 cm NaI(T1) scintillator used in the experimental
trial. Relative error on scan speed <3.2%.



Table 4. SECF comparison using the experimental data obtained with the 12.5 cm
x 7.62 cm NaI(Tl) scintillator (±1 std).

Speed Duffy SPE ASEE WFE Actual
(cm si) (%) (%) (%) (%)

10 0.124 ± 0.00006 0.128 ± 0.0003 0.124 ± 0.00014 0.126 ± 0.002

20 0.113±0.00004 0.118±0.0002 0.113±0.00011 0.110±0.002
30 0.097 ± 0.00003 0.098 ± 0.000 1 0.097 ± 0.00008 0.091 ± 0.001

40 0.081 ± 0.00002 0.082 ± 0.0001 0.081 ± 0.00006 0.077 ± 0.001

50 0.069 ± 0.00001 0.073 ± 0.000 1 0.069 ± 0.00005 0.067 ± 0.00 1

60 0.059 ± 0.00001 0.059 ± 0.0001 0.059 ± 0.00004 0.057 ± 0.00 1

70 0.052 ± 0.0000 1 0.052 ± 0.000 1 0.052 ± 0.00004 0.052 ± 0.00 1

80 0.046 ± 0.0000 1 0.046 ± 0.000 1 0.046 ± 0.00003 0.047 ± 0.00 1
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detection efficiency. If the instrument background and count time are assumed to

be constant the only variable is the detection efficiency of the system. Assuming

all factors related to instrument efficiency are held constant for a scanning

application, the only variable left is the velocity of the source relative to the

detector.

After application of one of the three prediction procedures for the range of

speeds to be investigated, a graph relating detection efficiency to scan speed can be

generated (Figure 9). A good correlation can be attained by applying a least square

fit of a exponential function to this data resulting in a function of the form ae'

The MDA equation can then be solved for velocity (v) of the source.

MDA
2.71 + 4.65-Jig

KT

where

(6)

B = system background counts,
T = count time (observation interval),
KT = product of efficiency corrections (surface efficiency, instrument

efficiency).



52

1. 000%

Duffy SPE

Expon. (Duffy SPE)

y = 0.0015e48x

I R2=0.9959

0.100%

0.010%

0 20 40 60 80

Speed (cm s1)

Figure 9. Exponential fit of the Duffy SPE prediction of SECF generated by
experimental trial.
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Substituting SECF for instrument efficiency,

KT=K.SECF (7)

MDA
2.71 + 4.65f

(8)
KSECFT

where

SECF=ae' (9)

solving for v yields

1 (2.71+4.65/i
V = -. lnI

b MDA.K.a.TJ
(10)

This is the maximum relative velocity (10) between the source and detector to

attain the desired level of MDA.
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CONCLUSION

Having a method by which the scan detection efficiency of an instrument

can be predicted will greatly increase the confidence in the results of scanning

surveys. It is well established that any change in geometry during a counting

interval has an impact on the efficiency of the detection system. Until now, there

was not a clear procedure by which one could estimate the impact of scan speed on

detection efficiency (Moss 2000). The procedures developed here could reasonably

be expected to find use in the field of environmental monitoring, decontamination

and decommissioning, and with portal monitoring applications.

The procedures developed in this work have been shown both theoretically

and experimentally to accurately predict the scan detection efficiency and

determine an appropriate SECF. Alternatively, the methods can be applied to

determine maximum scan velocity for a desired level of MDA. Although not

evaluated, these procedures could be applied to detectors other than the one tested

in this work provided they possess geometric symmetry. For a detector possessing

geometric symmetry, a normalized SECF could be used to determine an instrument

specific SECF for nuclear facilities which have a large number of similar detectors.

The previous two statements would be logical extensions of this work and should

be examined in future research. An additional area of further research would

involve the extension of this work and of the EML into three source dimensions by

developing a method to predict the SECF for small volumetric contamination.
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Research in this area would provide a benefit by reducing the need to conduct

follow-up sampling to verify volumetric contamination identified during

characterization surveys.



56

REFERENCES

Beck H.L., De Campo J., Gogolak, D.V., "In Situ Ge(Li) and NaI(Tl) Gamma Ray
Spectrometry," U.S. Department of Energy, Environmental Measurements
Laboratory, HASL-258, September 1972.

Briesmeister, J.F., Ed., "MCNP A General Monte Carlo N-Particle Transport
Code, Version 4B," Los Alamos National Laboratory report LA-12625M,
(March 1997).

Duffy, W. A Method for Predicting Peak Scanning Detection Efficiency of a
Cylindrical Sodium Iodide Scintillation Detector, Masters thesis, Oregon
Statue University, Corvallis, Oregon, September 2001.

Helfer, I.K. and Miller, K.M., "Calibration Factors for Ge Detectors Used for Field
Spectrometry," Health Physics, Vol. 55, No. 1, pp 15-29, 1988.

Homann, Steven G., "Hotspot Health Physics Codes for the PC,"
UCRL-MA- 106315, Lawrence Livermore National Laboratory, March 1994.

Knoll, G.F. Radiation Detection and Measurement, second edition. John Wiley and
Sons, Tnc., 1989.

Marianno, C.M.; Higley, K.A.; Palmer, T.S. Theoretical efficiencies for a FIDLER
scanning hot particle contamination. Radiation Protection Management. The
Journal of Applied Health Physics. 17(3):31-34 May/June 2000.

Moss, S.C., Calculation of Scanning Efficiencies for Portable Instruments Used to
Detect Particulate Contamination, Masters thesis, Oregon State University,
Corvallis, Oregon, August 2000.

National Council on Radiation Protection and Measurements, A Handbook of
Radioactivity Measurements Procedures, NCRP Report No. 58, February 1,
1985.

National Council on Radiation Protection and Measurements, Calibration of Survey
Instruments Used in Radiation Protection for the Assessment of Ionizing
Radiation Fields and Radioactive Surface Contamination, NCRP Report No.
112, December31, 1991.



57

Ramsey, F.L.; Schafer, D.W. The Statistical Sleuth: A Course in Methods of Data
Analysis. Wadsworth Publishing Company, 1997.



58

APPENDICES



59

APPENDIX A

Prediction Procedure Walkthrough

Step 1 Initial Assumptions

It is necessary first to identify the parameters for which the SECF will be

determined. The primary initial assumptions must be the choice ofsource area size

and isotope. Site-specific parameters or intended application will dictate for what

size source and isotope the SECF will be developed. The choice may be based on

the anticipated size or area of the sources, which may be scanned. Characterization

data for the site or process information for the given practice will be helpful in

these choices.

The next initial assumption is the observation interval for the instrument to

be used. The choice of observation interval may not always be straightforward.

This research was conducted using a straight integration of counts during the

observation interval and the resultant number of counts was not altered by any data

processing. Commercial rate meters or scalers may be subject to a variety of data

processing including variable counting intervals, count rate averaging, or peak

count rate trapping. These forms of processing complicate the choice of

observation interval. It may be necessary to consult the manufacture's literature or

the manufacturer directly to assist in choosing an appropriate observation interval.



The choice of mesh size or the distance between static efficiency

measurements is a crucial step. This research demonstrated that more is better, but

from a practical standpoint there was no time constraint for this research.

Numerical resolution analysis demonstrated that for the 10 cm x 10 cm source size

there was not a marked increase in precision or accuracy above 25 measurements

per 100 cm2 corresponding to a grid spacing of 2.5 cm. The choice in mesh size

should be based on time available as well as accuracy and precision desired. NCRP

112 methodologies have demonstrated that static efficiency spacing should be 10

degrees as measured from the centerline of the detector. Physical constraints may

also play a role in the choice of mesh size. The point calibration source size may

be such that it is not possible to accurately place it at small intervals and therefore a

larger mesh size may need to be chosen.

The final initial choice is that of the scan speed range of interest. For the

case of a straightforward application of these methods for one scan speed, only

static point measurements corresponding to this scan speed would need to be

collected. However, if information about a range of scan speeds is desired it is

necessary to collect static point efficiency measurements corresponding to the

largest scan speed of interest.
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Step 2 Static Point Efficiency Determination

Assuming the chosen detector will exhibit geometric symmetry, it is only

necessary to collect static point efficiency measurements in one quadrant whose

length corresponds to the direction of scan and whose width corresponds to half the

width of the source under investigation. At this point, it is necessary to chose the

desired scan height. The scan height should be the same as the height at which the

static point efficiencies will be measured and will be the height at which the SECF

is valid.

The calibration source should have radiation energies which correspond to

the anticipated isotope which will be scanned. The effect of the chosen calibration

source on the SECF will be dependent on the detector type as well as how closely

the calibration source's radiation energies match those of the isotope to be scanned.

It was found that construction of a grid with the chosen mesh size was

helpful in placing the static efficiency calibration source. The grid spacing will be

the same as the mesh size chosen in step one. The placement of the grid should be

such that the length is parallel to the direction of scan of the detector. The length of

the grid should extend to a distance, in the direction of scan, of one-half the fastest

scan speed times the observation interval plus half the source size.

At this point, measurements should be made using the detection system

with the calibration source at each grid location. There are a number of ways the

instrument could display these measurements. This walkthrough will assume that



the readout is in terms of counts. In reality, the display could be in count rate,

exposure rate, or disintegration rate. The user will need to adjust this procedure

based on the desired application.

The static efficiency is next determined by dividing the number of counts

collected by the activity of the calibration source at each grid location. It is not

necessary to have the static efficiency count time correspond to the observation

interval of the instrument. Longer static count times will increase the precision of

the prediction, but not necessarily the accuracy. The units of static efficiency can

be modified by the user to fit the desired application. The units of static efficiency

will ultimately be the same as the units of the SECF. For example, they may be in

terms of cps Bq', cps Bq' (100 cm2)1, or cpm Ci' m2. The units of static

efficiency and SECF presented here are cps Bq'.

Table Al displays one quadrant of static efficiency values generated by

simulation using MCNP4b corresponding to 10 cm s scan speed. Table A2 then

shows how these values were mirrored to the other three quadrants based on the

geometric symmetry created by the source and detector.

Step 3 Prediction Method Application

The most straightforward method to employ to determine the SECF is the

Duffy SPE. For each unit of displacement of the source the static efficiency of the

area source is determined by the arithmetic average of the static point efficiencies
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Table Al. MCNP4b estimate of static point efficiency (%) of 1076 keV gamma
total absorption events for a 12.5 cm x 7.62 cm NaT detector. Relative error range
is 0.25% to 0.29%. Gray cell indicates centerline measurement.

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction (cm) 0 1.25 2.5 3.75 5

0 3.16 3.12 3.02 2.85 2.65
-1.25 3.13 3.09 2.98 2.82 2.62
-2.5 3.02 2.99 2.88 2.73 2.54

-3.75 2.86 2.83 2.73 2.59 2.41
-5 2.64 2.62 2.53 2.41 2.25

-6.25 2.40 2.38 2.31 2.20 2.07
-7.5 2.16 2.14 2.08 2.00 1.89
-8.75 1.93 1.91 1.87 1.81 1.71
-10 1.73 1.71 1.68 1.61 1.54
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Table A2. MCNP4b estimate of static efficiency showing four quadrants. Shaded
portion is original data set (Table Al). Entire 10 cm s1 data set shown.

Displacement from centerline
Peroendicular to scan direction (cm)

Displacement
from

centerline
Perpendicular

to scan
direction (cm) -5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

10 1.54 1.61 1.68 1.71 1.73 1.71 1.68 1.61 1.54
8.75 1.71 1.81 1.87 1.91 1.93 1.91 1.87 1.81 1.71
7.5 1.89 2.00 2.08 2.14 2.16 2.14 2.08 2.00 1.89

6.25 2.07 2.20 2.31 2.38 2.40 2.38 2.31 2.20 2.07
5 2.25 2.41 2.53 2.62 2.64 2.62 2.53 2.41 2.25

3.75 2.41 2.59 2.73 2.83 2.86 2.83 2.73 2.59 2.41
2.5 2.54 2.73 2.88 2.99 3.02 2.99 2.88 2.73 2.54
1.25 2.62 2.82 2.98 3.09 3.13 3.09 2.98 2.82 2.62

0 2.65 2.85 3.02 3.12 3 16 3 12 3.02 2.85 265
-1.25 2.62 2.82 2.98 3.09 3.13 3 09 2.98 282 2.62
-2.5 2.54 2.73 2.88 2.99 3.02 2.99 2 88 2 73 2.54

-3.75 2.41 2.59 2.73 2.83 2 86 2 83 2.73 2.59 2.41
-5 2.25 2.41 2.53 2.62 2 64 2 62 2.53 241 225

-6.25 2.07 2.20 2.31 2.38 240 2 38 2 31 220 207
-7.5 1.89 2.00 2.08 2.14 216 2.14 2.08 2.00 1 89

-8.75 1.71 1.81 1.87 1.91 1 93 1 91 1 87 1 81 1 71
-10 1.54 1.61 1.68 1.71 173 171 168 161 154
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corresponding to the area of the source. In the case of our 1.25 cm mesh and 10 cm

x 10 cm source, the 81 static point efficiencies area averaged at each 1.25 cm

increment of displacement in the direction of scan. Figure Al shows how this is

accomplished for the TLD of the area source in the 1 s observation interval. The

TLD is given by the product of the scan speed and the observation interval.

The use of the ASEE first requires the direct application of equation (2) to

determine the a1 for each unit of displacement perpendicular to the direction of

scan. In this example (0 is the mesh size of 1.25 cm and r1 is 0 cm, 1.25 cm, 2.5 cm,

3.75 cm and 5 cm. With this, the static area efficiency can be determined at each

increment of displacement between ±TLD. The average of each static area

efficiency is therefore the predicted SECF. Figure A2 shows the application of the

ASEE for the 10 cm s1.

The application of the WFE leads directly to the value of predicted SECF.

The procedure is complicated by the addition of efficiency row weights. The

weighting process is simplified by the use of integer increases in weight. It would

be possible to use any starting value of weight and increase the weight by the

appropriate multiple. The number of rows of efficiency values corresponding to

the source size is the largest weight which can be applied to the rows. This

maximum weight corresponds to the maximum number of times the source spatial

location can be overlapped during an observation interval. Beginning at the start of

the observation interval, in this case at 10 cm, a weight of one is applied. At the
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Figure Al. Duffy SPE demonstration for 10 cm s1 using the MCNP4b static point
efficiency estimates. (a) Original static point efficiency measurements
corresponding to ±TLD plus one-half the source size. (b) Average of static point
efficiencies for the 9 x 9 matrix about the center at each 1.25 cm increment of
displacement during the observation interval between ±TLD. (c) Static efficiency
of the 10 cm x 10 cm area source at each increment of displacement. (d) SECF
determined as the average of the static area source efficiency values.
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Figure A2. Demonstration of the ASEE for 10 cm s1 using the MCNP4b static
point efficiency estimates. (a) Determination of a, for 0) = 1.25 cm and r1 values of
0 cm, 1.25 cm, 2.5 cm, 3.75 cm, and 5 cm. (b) Static point efficiency values
corresponding to ±TLD. (c) Determination ofEA at each increment of
displacement. (d) Static efficiency of the 6.25 cm radius source at each unit of
displacement. (e) SECF determined by the average of the static efficiencies at
each unit of displacement in the direction of scan.



next increment closer to the detector in the direction of scan a weight of 2 is

applied. This is repeated until a maximum weight is assigned. In our example the

maximum weight of 9 is applied to the ninth row of efficiency values in the

direction of the detector. The easiest method to continue this weighting process is

to begin again at the end of the observation interval and assign this row of

efficiency values a weight of 1 and work back in the direction of the detector.

Once the maximum weight has been applied all rows between the beginning and

end of the observation interval are assigned the maximum weight. The calculation

of the SECF is simply the weighted average of the entire static efficiency value data

set from ±TLD plus one half the source size. Figure A3 displays the application of

the WFE for 10 cm

Step 4 Error Propagation

It is necessary to have an understanding of the error associated with the

precision of the SECF estimate. Although error propagation yields no information

on the accuracy of the estimate when compared to an actual determination of the

SECF, it does provide information as to the level of confidence which can be

ascribed to its estimate.
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Figure A3. Demonstration of the WFE for 10 cm s4 using the MCNP4b static
point efficiency estimates. (a) Static point efficiency values corresponding to
±TLD plus half the source size. (b) Row weight to account for overlap of source
during motion in the observation interval. Row weight increases from a value of 1
at the beginning of the observation interval to a maximum value of 9 corresponding
to the number of rows of efficiency values and then decreases to a value of 1 at the
end of the scan interval. (c) SECF is the weighted average of the static efficiency
values corresponding to ±TLD plus half the source size or in this case ±10 cm.



Every measurement has some level of uncertainty attributed to either

random error or systematic error. We will neglect any measure of systematic error

associated with measurement and SECF prediction and deal solely with random

error. Although there is certainly systematic error associated with the

experimental trial, it is difficult to measure and there is no mechanism to quantify

its magnitude. Systematic error may have been introduced throughout the

experimental trials. For example, error may have been introduced during the

placement grid used for the point source measurements, the placement of the point

source, and by irregularities in the detector crystal. The goal of this research is to

develop a method to predict scanning detection efficiency. It is desirable for the

method to be able to "hold up" to some systematic error that may result.

Each static point efficiency value has some associated random error. This

error may be determined either through the propagation of the counting error

(Poisson) or may be expressed as relative error based on manufacturers

specifications for the instrument being used. Propagation of error is a simple

matter of applying the general propagation of error equation

r / \2
2 (8111 2 (8U 2

CT 1-!CT +!-ICT +...
8x) y

where u=u(x,y,...) represents the derived quantity (Knoll 1989).

(11)

The error asociated with the Duffy SPE is first determined by the error

associated with the error on each value of EA.
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In

a2
V

EA (12)
n

where

= the error on each static point efficiency estimate,
n = the number of discrete static point efficiency estimates.
crEA = the error on each static area efficiency estimate

The error on the Duffy SPE then becomes

+TLD/2

-TLD/2
(13)UDuffy SPE = N

where

TLD = Product of scan speed and observation interval,
N = Number of discrete values ofBA in the interval ±TLD.

The error associated with the ASEB is again first determined by estimating

the error associated with the error on each value of BA.

2

/(a)
' j=O

crE fl
(14)

j=O

where

a = is the area of the th annular ring,
=is the error associated with the ith static point efficiency estimate.

The error on the SECF determined by applying the ASEE would then be

determined by applying equation 13.



The error associated with the WIFE is given by

nj w1

where

w=the weight of the j1' row of static point efficiency values,
o=is the error on the jth static point efficiency estimate,
n=is the number of static point efficiency values in each row,
N= is the number of rows.

(15)
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APPENDIX B

SIMULATION DATA

ible B 1. MCNP4b Static Efficiency Estimates (%).

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

45 0.163 0.164 0.166 0.165 0.167 0.165 0.166 0.164 0.163
43.75 0.174 0.173 0.176 0.175 0.176 0.175 0.176 0.173 0.174

42.5 0.183 0.183 0.185 0.184 0.185 0.184 0.185 0.183 0.183
41.25 0.194 0.194 0.195 0.195 0.196 0.195 0.195 0.194 0.194

40 0.205 0.206 0.207 0.208 0.208 0.208 0.207 0.206 0.205
38.75 0.217 0.219 0.219 0.221 0.221 0.221 0.219 0.219 0.217

37.5 0.231 0.234 0.235 0.238 0.236 0.238 0.235 0.234 0.231
36.25 0.246 0.248 0.249 0.25 1 0.25 0.25 1 0.249 0.248 0.246

35 0.263 0.265 0.266 0.268 0.267 0.268 0.266 0.265 0.263
33.75 0.282 0.285 0.285 0.286 0.286 0.286 0.285 0.285 0.282



Table B 1 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

32.5 0.303 0.305 0.305 0.306 0.308 0.306 0.305 0.305 0.303
31.25 0.324 0.329 0.328 0.329 0.332 0.329 0.328 0.329 0.324

30 0.348 0.353 0.354 0.355 0.356 0.355 0.354 0.353 0.348
28.75 0.374 0.381 0.38 0.383 0.384 0.383 0.38 0.381 0.374

27.5 0.405 0.412 0.413 0.415 0.417 0.415 0.413 0.412 0.405
26.25 0.439 0.445 0.45 1 0.453 0.454 0.453 0.45 1 0.445 0.439

25 0.476 0.485 0.488 0.491 0.493 0.491 0.488 0.485 0.476
23.75 0.519 0.528 0.533 0.535 0.538 0.535 0.533 0.528 1519

22.5 0.564 0.573 0.579 0.584 0.588 0.584 0.579 0.573 0.564
21.25 0.616 0.627 0.634 0.639 0.643 0.639 0.634 0.627 0.616

20 0.677 0.691 0.702 0.708 0.709 0.708 0.702 0.691 0.677
18.75 0.746 0.761 0.775 0.781 0.782 0.781 0.775 0.761 0.746
17.5 0.823 0.844 0.859 0.868 0.87 0.868 0.859 0.844 0.823

16.25 0.91 0.938 0.956 0.968 0.968 0.968 0.956 0.938 0.91
15 1.01 1.04 1.07 1.08 1.08 1.08 1.07 1.04 1.01

13.75 1.13 1.16 1.19 1.21 1.21 1.21 1.19 1.16 1.13



Table B I (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

12.5 1.25 1.3 1.33 1.36 1.37 1.36 1.33 1.3 1.25
11.25 1.39 1.45 1.49 1.53 1.53 1.53 1.49 1.45 1.39

10 1.54 1.61 1.68 1.71 1.73 1.71 1.68 1.61 1.54
8.75 1.71 1.81 1.87 1.91 1.93 1.91 1.87 1.81 1.71

7.5 1.89 2 2.08 2.14 2.16 2.14 2.08 2 1.89
6.25 2.07 2.2 2.31 2.38 2.4 2.38 2.31 2.2 2.07

5 2.25 2.41 2.53 2.62 2.64 2.62 2.53 2.41 2.25
3.75 2.41 2.59 2.73 2.83 2.86 2.83 2.73 2.59 2.41

2.5 2.54 2.73 2.88 2.99 3.02 2.99 2.88 2.73 2.54
1.25 2.62 2.82 2.98 3.09 3.13 3.09 2.98 2.82 2.62

0 2.65 2.85 3.02 3.12 3.16 3.12 3.02 2.85 2.65
-1.25 2.62 2.82 2.98 3.09 3.13 3.09 2.98 2.82 2.62

-2.5 2.54 2.73 2.88 2.99 3.02 2.99 2.88 2.73 2.54
-3.75 2.41 2.59 2.73 2.83 2.86 2.83 2.73 2.59 2.41

-5 2.25 2.41 2.53 2.62 2.64 2.62 2.53 2.41 2.25
-6.25 2.07 2.2 2.31 2.38 2.4 2.38 2.31 2.2 2.07



Table Bi (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

-7.5 1.89 2 2.08 2.14 2.16 2.14 2.08 2 1.89
-8.75 1.71 1.81 1.87 1.91 1.93 1.91 1.87 1.81 1.71

-10 1.54 1.61 1.68 1.71 1.73 1.71 1.68 1.61 1.54
-11.25 1.39 1.45 1.49 1.53 1.53 1.53 1.49 1.45 1.39

-12.5 1.25 1.3 1.33 1.36 1.37 1.36 1.33 1.3 1.25
-13.75 1.13 1.16 1.19 1.21 1.21 1.21 1.19 1.16 1.13

-15 1.01 1.04 1.07 1.08 1.08 1.08 1.07 1.04 1.01
-16.25 0.91 0.938 0.956 0.968 0.968 0.968 0.956 0.938 0.91

-17.5 0.823 0.844 0.859 0.868 0.87 0.868 0.859 0.844 0.823
-18.75 0.746 0.761 0.775 0.781 0.782 0.781 0.775 0.761 0.746

-20 0.677 0.691 0.702 0.708 0.709 0.708 0.702 0.691 0.677
-21.25 0.616 0.627 0.634 0.639 0.643 0.639 0.634 0.627 0.616

-22.5 0.564 0.573 0.579 0.584 0.588 0.584 0.579 0.573 0.564
-23.75 0.519 0.528 0.533 0.535 0.538 0.535 0.533 0.528 0.519

-25 0.476 0.485 0.488 0.491 0.493 0.491 0.488 0.485 0.476
-26.25 0.439 0.445 0.451 0.453 0.454 0.453 0.451 0.445 0.439



Table B 1 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

-27.5 0.405 0.412 0.413 0.415 0.417 0.415 0.413 0.412 0.405
-28.75 0.374 0.381 0.38 0.383 0.384 0.383 0.38 0.381 0.374

-30 0.348 0.353 0.354 0.355 0.356 0.355 0.354 0.353 0.348
-31.25 0.324 0.329 0.328 0.329 0.332 0.329 0.328 0.329 0.324

-32.5 0.303 0.305 0.305 0.306 0.308 0.306 0.305 0.305 0.303
-33.75 0.282 0.285 0.285 0.286 0.286 0.286 0.285 0.285 0.282

-35 0.263 0.265 0.266 0.268 0.267 0.268 0.266 0.265 0.263
-36.25 0.246 0.248 0.249 0.25 1 0.25 0.25 1 0.249 0.248 0.246

-37.5 0.23 1 0.234 0.235 0.238 0.236 0.238 0.235 0.234 0.23 1
-38.75 0.217 0.219 0.219 0.221 0.221 0.221 0.219 0.219 0.2l7

-40 0.205 0.206 0.207 0.208 0.208 0.208 0.207 0.206 0.205
-41.25 0.194 0.194 0.195 0.195 0.196 0.195 0.195 0.194 0.194

-42.5 0.183 0.183 0.185 0.184 0.185 0.184 0.185 0.183 0.183
-43.75 0.174 0.173 0.176 0.175 0.176 0.175 0.176 0.173 0.174

-45 0.163 0.164 0.166 0.165 0.167 0.165 0.166 0.164 0.163



Table B2. MCNP4b Static Point Efficiency Error (%). ±1 std.

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

45 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
43.75 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

42.5 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
41.25 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

40 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
38.75 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

37.5 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
36.25 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

35 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
33.75 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

32.5 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
31.25 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

30 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
28.75 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003



Table B2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

27.5 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
26.25 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0J03

25 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
23.75 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

22.5 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
21.25 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

20 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
18.75 0.004 11004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

17.5 0.004 11004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
16.25 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

15 0.004 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.004
13.75 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

12.5 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
11.25 0.005 oO 0.005 0.006 0.006 0.006 0.005 0.005 0.005

10 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
8.75j0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006

-1



Table B2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

7.5 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
6.25 0.006 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.006

5 0.007 0.007 ft007 0.007 0.007 0.007 0.007 0.007 0.007
3.75 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007

2.5 0.007 0.007 0.007 0.007 0.008 0.007 0.007 0.007 0.007
1.25 0.007 0.007 0.008 0.008 0.008 0.008 0.008 0.007 0.007

0 0.007 0.007 0.008 0.008 0.008 0.008 0.008 0.007 0.007
-1.25 0.007 0.007 0.008 0.008 0.008 0.008 0.008 0.007 0.007

-2.5 0.007 0.007 0.007 0.007 0.008 0.007 0.007 0.007 0.007
-3.75 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007

-5 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007
-6.25 0.006 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.006

-7.5 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
-8.75 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006

-10 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
-11.25 0.005 0.005 0.005 0.006 0.006 0.006 0.005 0.005 0.005

00



Table B2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 I -1.25 0 1.25 2.5 3.75 5

-12.5 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
-13.75 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

-15 0.004 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.004
-16.25 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

-17.5 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
-18.75 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

-20 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
-21.25 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004

-22.5 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
-23.75 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

-25 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
-26.25 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

-27.5 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
-28.75 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

-30 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
-31.25 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

00



Table B2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from

centerline
Parallel to

scan
direction

(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

-32.5 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
-33.75 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

-35 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
-36.25 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

-37.5 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
-38.75 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

-40 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
-4125 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

-42.5 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
-43.75 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002

-45 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.00f

00



APPENDIX C

EXPERIMENTAL DATA

Table Cl. Experimental Static Efficiency Estimates (cps/Bq).

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from centerline
Parallel to scan
direction (cm)

-5 -3.75 -2.5 -1.25 0 L25 2.5 3.75 5

45 3.6E-05 3.7E-05 3.5E-05 3.7E-05 4.OE-05 3.7E-05 3.5E-05 3.7E-05 3.6E-05
43.75 3.8E-05 3.8E-05 3.8E-05 3.8E-05 4.1E-05 3.8E-05 3.8E-05 3.8E-05 3.8E-05

42.5 4.OE-05 4.1E-05 4.1E-05 4.1E-05 4.3E-05 4.IE-05 4.1E-05 4.1E-05 4.OE-05
41.25 4.2E-05 4.3E-05 4.3E-05 4.3E-05 4.5E-05 4.3E-05 4.3E-05 4.3E-05 4.2E-05

40 4.6E-05 4.7E-05 4.6E-05 4.7E-05 4.8E-05 4.7E-05 4.6E-05 4.7E-05 4.6E-05
38.75 4.8E-05 4.9E-05 4.8E-05 5.OE-05 5.OE-05 5.0E-05 4.8E-05 4.9E-05 4.8E-05

37.5 5.1E-05 5.3E-05 5.1E-05 5.4E-05 5.3E-05 5.4E-05 5.1E-05 5.3E-05 5.1E-05
36.25 5.5E-05 5.8E-05 5.5E-05 5.8E-05 5.6E-05 5.8E-05 5.5E-05 5.8E-05 5.5E-05

35 6.OE-05 6.2E-05 6.OE-05 6.2E-05 6.OE-05 6.2E-05 6.OE-05 6.2E-05 6.OE-05
33.75 6.4E-05 6.6E-05 6.5E-05 6.6E-05 6.5E-05 6.6E-05 6.5E-05 6.6E-05 6.4E-05

32.5 7.OE-05 7.4E-05 7.1E-05 7.3E-05 7.1E-05 7.3E-05 7.1E-05 7.4E-05 7.OE-05
31.25 7.5E-05 7.9E-05 7.7E-05 8.OE-05 7.8E-05 8.OE-05 7.7E-05 7.9E-05 7.5E-05

30 8.2E-05 8.6E-05 8.5E-05 8.6E-05 8.6E-05 8.6E-05 8.5E-05 8.6E-05 8.2E-05
00



Table Cl (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from centerline
Parallel to scan
direction (cm)

-5 -3.75 -2.5 I -1.25 0 1.25 2.5 3.75 5

28.75 9.1E-05 9.4E-05 9.4E-05 9.3E-05 9.4E-05 9.3E-05 9.4E-05 9.4E-05 9.1E-05
27.5 l.OIE-04 1.OE-04 1.0E-04 1.1E-04 1.OE-04 1.1E-04 1.OE-04 1.OE-04 1.OE-04

26.25 1.1E-04 l.2E-04 l.1E-04 l.2E-04 1.1E-04 1.2E-04 1.1E-04 1.2E-04 1.1E-04
25 1.3E-04 l.3E-04 1.3E-04 1.3E-04 l.3E-04 l.3E-04 l.3E-04 1.3E-04 1.3E-04

23.75 1.4E-04 1.5E-04 1.4E-04 1.5E-04 1.5E-04 1.5E-04 1.4E-04 l.5E-04 1.4E-04
22.5 1.5E-04 l.7E-04 1.7E-04 1.7E-04 1.6E-04 1.7E-04 l.7E-04 1.7E-04 1.5E-04

21.25 1.8E-04 1.9E-04 1.9E-04 1.9E-04 1.8E-04 1.9E-04 1.9E-04 1.9E-04 1.8E-04
20 2.1E-04 2.4E-04 2.5E-04 2.2E-04 2.1E-04 2.2E-04 2.SE-04 2.4E-04 2.1E-04

18.75 2.7E-04 2.9E-04 2.9E-04 2.9E-04 2.9E-04 2.9E-04 2.9E-04 2.9E-04 2.7E-04
17.5 3.1E-04 3.3E-04 3.3E-04 3.4E-04 3.2E-04 3.4E-04 3.3E-04 3.3E-04 3.1E-04

16.25 3.6E-04 3.8E-04 3.8E-04 3.9E-04 3.8E-04 3.9E-04 3.8E-04 3.8E-04 3.6E-04
15 4.2E-04 4.3E-04 4.4E-04 4.5E-04 4.6E-04 4.5E-04 4.4E-04 4.3E-04 4.2E-04

13.75 4.8E-04 5.1E-04 5.3E-04 5.4E-04 5.1E-04 5.4E-04 5.3E-04 5.1E-04 4.8E-04
12.5 5.9E-04 5.9E-04 6.1E-04 6.4E-04 6.1E-04 6.4B-04 6.1E-04 5.9E-04 5.9E-04

11.25 7.OE-04 7.2E-04 7.3E-04 7.7E-04 7.3E-04 7.7E-04 7.3E-04 7.2E-04 7.OE-04
10 8.3E-04 8.5E-04 9.1E-04 9.1E-04 8.8E-04 9.1E-04 9.1E-04 8.5E-04 8.3E-04

8.75 9.7E-04 1.OE-03 1.1E-03 l.1E-03 1.OE-03 1.1E-03 1.1E-03 l.OE-03 9.7E-04
7.5 1.1E-03 1.1E-03 1.2E-03 i.2E-03 1.2E-03 1.2E-03 1.2E-03 1.1E-03 1.1B-03

6.25 1.2E-03 1.2E-03 1.3E-03 1.3E-03 1.2E-03 1.3E-03 l.3E-03 1.2E-03 1.2E-03



Table Cl (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from centerline
Parallel to scan
direction (cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

5 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03
3.75 l.3E-03 l.3E-03 l.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03
2.5 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.2E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03

1.25 l.3E-03 l.3E-03 1.2E-03 l.2E-03 1.2E-03 l.2E-03 1.2E-03 l.3E-03 l.3E-03
o 1.3E-03 1.3E-03 1.2E-03 1.2E-03 1.2E-03 l.2E-03 l.2E-03 1.3E-03 1.3E-03

-1.25 i.3E-03 1.3E-03 l.2E-03 1.2E-03 1.2E-03 l.2E-03 1.2E-03 1.3E-03 l.3E-03
-2.5 1.3E-03 1.3E-03 l.3E-03 l.3E-03 l.2E-03 l.3E-03 l.3E-03 l.3E-03 l.3E-03

-3.75 1.3E-03 1.3E-03 1.3E-03 l.3E-03 l.3E-03 1.3E-03 1.3E-03 l.3E-03 1.3E-03
-5 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03 1.3E-03

-6.25 1.2E-03 1.2E-03 1.3E-03 1.3E-03 1.2E-03 1.3E-03 1.3E-03 1.2E-03 1.2E-03
-7.5 1.1E-03 1.1E-03 l.2E-03 1.2E-03 1.2E-03 1.2E-03 1.2E-03 1.1E-03 1.1E-03

-8.75 9.7E-04 1.OE-03 1.1E-03 1.1E-03 1.OE-03 1.1E-03 1.1E-03 1.OE-03 9.7E-04
-10 8.3E-04 8.5E-04 9.1E-04 9.1E-04 8.8E-04 9.1E-04 9.1E-04 8.5E-04 8.3E-04

-11.25 7.0E-04 7.2E-04 7.3B-04 7.7E-04 7.3E-04 7.7E-04 7.3E-04 7.2E-04 7.OE-04
-12.5 5.9B-04 5.9E-04 6.1E-04 6.4E-04 6.IE-04 6.4E-04 6.1E-04 5.9E-04 5.9E-04

-l3.75 4.8E-04 5.1E-04 5.3E-04 5.4E-04 5.1E-04 5.4E-04 5.3E-04 5.1E-04 4.8E-04
-15 4.2E-04 4.3E-04 4.4E-04 4.5E-04 4.6E-04 4.5E-04 4.4E-04 4.3E-04 4.2E-04

-16.25 3.6E-04 3.8E-04 3.8E-04 3.9E-04 3.8E-04 3.9E-04 3.8E-04 3.8E-04 3.6E-04
-17.5 3.1E-04 3.3E-04 3.3E-04 3.4E-04 3.2E-04 3.4E-04 3.3E-04 3.3E-04 3.1E-04

00



Table Cl (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from centerline
Parallel to scan
direction (cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

-18.75 2.7E-04 29E-04 2.9E-04 29E-04 2.9E-04 2.9E-04 2.9E-04 2.9E-04 2.7E-04
-20 2.1B-04 2.4B-04 2.5E-04 2.2E-04 2.1E-04 2.2E-04 2.5E-04 2.4E-04 2.1E-04

-21.25 1.8E-04 1.9E-04 1.9E-04 l.9E-04 1.8E-04 1.9E-04 l.9E-04 l.9E-04 1.8E-04
-22.5 1.5E-04 1.7E-04 1.7E-04 l.7E-04 1.6E-04 l.7E-04 l.7E-04 1.7E-04 1.5E-04

-23.75 1.4E-04 l.5E-04 1.4E-04 l.5E-04 l.5E-04 1.5E-04 1.4E-04 1.5E-04 l.4E-04
-25 1.3E-04 1.3E-04 1.3E-04 1.3E-04 l.3E-04 1.3E-04 1.3E-04 1.3E-04 1.3E-04

-26.25 1.1E-04 1.2B-04 1.1E-04 1.2E-04 L1E-04 1.2E-04 1.1E-04 1.2E-04 l.1E-04
-27.5 1.OE-04 1.OE-04 1.OE-04 l.1E-04 1.OE-04 1.1E-04 1.OE-04 l.OE-04 1.OE-04

-28.75 9.1E-05 9.4E-05 9.4E-05 9.3E-05 9.4E-05 9.3E-05 9.4E-05 9.4E-05 9.1E-05
-30 8.2E-05 8.6E-05 8.5E-05 8.6E-05 8.6E-05 8.6E-05 8.5E-05 8.6E-05 8.2E-05

-31.25 7.5E-05 7.9E-05 7.7E-05 8.OE-05 7.8E-05 8.OE-05 7.7B-05 7.9E-05 7.5E-05

-32.5 7.OE-05 7.4E-05 7.1E-05 7.3E-05 7.IE-05 7.3E-05 7.1E-05 7.4E-05 7.OE-05

-33.75 6.4E-05 6.6E-05 6.5E-05 6.6E-05 6.5E-05 6.6E-05 6.5E-05 6.6E-05 6.4E-05

-35 6.OE-05 6.2E-05 6.OE-05 6.2E-05 6.OE-05 6.2E-05 6.OE-05 6.2E-05 6.OE-05

-36.25 5.5E-05 5.8E-05 5.5E-05 5.8E-05 5.6E-05 5.8E-05 5.5E-05 5.8E-05 5.5E-05

-37.5 5.1E-05 5.3E-05 5.1E-05 5.4E-05 5.3E-05 5.4E-05 5.1E-05 5.3E-05 5.1E-05
-38.75 4.8E-05 4.9E-05 4.8E-05 5.OE-05 5.OE-05 5.OE-05 4.8E-05 4.9E-05 4.8E-05

-40 4.6E-05 4.7E-05 4.6E-05 4.7E-05 4.8E-05 4.7E-05 4.6E-05 4.7E-05 4.6E-05



Table Cl (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement -5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5
from centerline
Parallel to scan
direction (cm)

-41.25 4.2E-05 4.3E-O5 4.3E-05 4,3E-05 4.5E-05 4.3E-05 4.3E-05 4.3E-05 4.2E-05
-42.5 4.OE-05 4.1E-05 4.1E-05 4.1E-05 4.3E-05 4.1E-05 4.1E-05 4.1E-05 4.OE-05

-43.75 3.8E-05 3.8E-05 3.8E-05 3.8E-05 4.1E-05 3.8E-05 3.8E-05 3.8E-05 3.8E-05
-45 3.6E-05 3.7E-05 3.5E-05 3.7E-05 4.OE-05 3.7E-05 3.5E-05 3.7E-05 3.6E-05



Table C2. Experimental Static Efficiency Estimate Error (cps/Bq). 1 std.

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from centerline
Perpendicular

to scan
direction_(cm)

-5 -3.75 -25 -1.25 0 1.25 2.5 3.75 5

45 5.3E-07 5.4E-07 5.3E-07 5.5E-07 5.8E-07 5.5E-07 5.3E-07 5.4E-07 5.3E-07
43.75 5.5E-07 5.6E-07 5.5E-07 5.6E-07 5.9E-07 5.6E-07 5.5E-07 5.6E-07 5.5E-07

42.5 5.9E-07 6.OE-07 5.9E-07 6.OE-07 6.2E-07 6.OE-07 5.9E-07 6.OE-07 5.9E-07
41.25 6.1E-07 6.2E-07 6.1E-07 6.2E-07 6.4E-07 6.2E-07 6.1E-07 6.2E-07 6.1E-07

40 6.5E-07 6.6E-07 6.5E-07 6.7E-07 6.8E-07 6.7E-07 6.5E-07 6.6E-07 6.5E-07
38.75 6.8E-07 6.9E-07 6.8E-07 7.1E-07 7.1E-07 7.1E-07 6.8E-07 6.9E-07 6.8E-07
37.5 7.2E-07 7.4E-07 7.2E-07 7.5E-07 7.4E-07 7.5E-07 7.2E-07 7.4E-07 7.2E-07

36.25 7.6E-07 8.OE-07 7.6E-07 8.OE-07 7.8E-07 8.0E-07 7.6E-07 8.OE-07 7.6E-07
35 8.3E-07 8.5E-07 8.3E-07 8.5E-07 8.3E-07 8.SE-07 8.3E-07 8.5E-07 8.3E-07

33.75 8.8E-07 9.1E-07 8.9E-07 9.OE-07 8.9E-07 9.OE-07 8.9E-07 9.1E-07 8.8E-07
32.5 9.4E-07 9.9E-07 9.6E-07 9.9E-07 9.6E-07 9.9E-07 9.6E-07 9.9E-07 9.4E-07

31.25 1.OE-06 1.1E-06 1.OE-06 l.IE-06 1.OE-06 1.1E-06 l.OE-06 1.1E-06 1.OE-06
30 l.1E-06 1.1E-06 1.1E-06 1.1E-06 1.1E-06 1.1E-06 l.1E-06 1.1E-06 1.1E-06

28.75 1.2E-06 1.2E-06 1.2E-06 1.2E-06 1.2E-06 1.2E-06 1.2E-06 1.2E-06 1.2E-06
27.5 1.3E-06 1.4E-06 1.3E-06 1.4E-06 1.3E-06 1.4E-06 1.3E-06 1.4E-06 l.3E-06

26.25 1.5E-06 1.5E-06 1.5E-06 l.5E-06 1.5E-06 1.5E-06 1.5E-06 1.5E-06 1.5E-06

QC



Table C2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from centerline
Perpendicular

to scan
direction_(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

25 1.6E-06 1.7E-06 1.7E-06 1.7E-06 1.7E-06 l.7E-06 l.7E-06 1.7E-06 1.6E-06
23.75 1.8E-06 1.9E-06 1.8E-06 1.9E-06 1.9E-06 1.9E-06 1.8E-06 1.9E-06 1.8E-06

22.5 2.OE-06 2.2E-06 2.1E-06 2.2E-06 2.1E-06 2.2E-06 2.1E-06 2.2E-06 2.OE-06
21.25 2.3E-06 2.4E-06 2.4E-06 2.4E-06 2.3E-06 2.4E-06 2.4E-06 2.4E-06 2.3E-06

20 2.6E-06 3.IE-06 3.1E-06 2.8E-06 2.7E-06 2.8E-06 3.1E-06 3.1E-06 2.6E-06
18.75 3.4E-06 3.6E-06 3.6E-06 3.7E-06 3.7B-06 3.7E-06 3.6E-06 3.6E-06 3.4E-06

17.5 3.9E-06 4.1E-06 4.1E-06 4.2E-06 4.OE-06 4.2E-06 4.1E-06 4.1E-06 3.9E-06
16.25 4.5E-06 4.7E-06 4.7E-06 4.9E-06 4.7E-06 4.9E-06 4.7E-06 4.7E-06 4.SE-06

15 5.3E-06 5.3E-06 5.5E-06 5.6E-06 5.7E-06 5.6E-06 5.5E-06 5.3E-06 5.3E-06
13.75 6.OE-06 6.3E-06 6.5E-06 6.6E-06 6.3E-06 6.6E-06 6.5E-06 6.3E-06 6.OE-06

12.5 7.3E-06 7.3E-06 7.6E-06 7.9E-06 7.5E-06 7.9E-06 7.6E-06 7.3E-06 7.3E-06
11.25 8.7E-06 8.9E-06 9.OE-06 9.5E-06 9.OE-06 9.5E-06 9.OE-06 8.9E-06 8.7E-06

10 1.OE-05 1.OE-05 1.1E-05 1.1E-05 1.1E-05 1.1E-05 1.1E-05 1.OE-05 1.OE-05
8.75 1.2E-05 1.2E-05 1.3E-05 1.3E-05 1.3E-05 1.3E-05 1.3E-05 1.2E-05 1.2E-05

7.5 1.4E-05 1.4E-05 1.5E-05 1.5E-05 1.5E-05 1.5E-05 1.5E-05 1.4E-05 1.4E-05
6.25 L5E-05 1.5E-05 1.6E-05 1.6E-05 1.5E-05 1.6E-05 1.6E-05 1.5E-05 1.5E-05

5 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05
3.75 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05



Table C2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Disp'acement
from centerline
Perpendicular

to scan
direction_(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

2.5 l.6E-05 1.6E-O5 1.6E-05 l.SE-05 1.5E-05 1.5E-05 1.6E-05 1.6E-05 1.6E-05
1.25 l.6E-05 1.6E-05 1.5E-05 l.5E-05 1.5E-05 1.5E-05 l.5E-05 1.6E-05 1.6E-05

o 1.6E-05 1.6E-05 1.5E-05 1.5E-05 1.5E-05 1.5E-05 1.5E-05 1.6E-05 1.6E-05
-1.25 1.6E-05 1.6E-05 1.5E-05 l.5E-05 1.5E-05 l.5E-05 1.5E-05 1.6E-05 1.6E-05

-2.5 1.6E-05 1.6E-05 1.6E-05 1.5E-05 1.5E-05 1.5E-05 1.6E-05 1.6E-05 1.6E-.05
-3.75 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05 1.6E-05

-5 1.6E-05 1.6E-O5 1.6E-05 l.6E-05 1.6E-05 1.6E-05 1.6E-05 l.6E-05 1.6E-05
-6.25 l.5E-05 1.5E-05 1.6E-05 1.6E-05 l.5E-05 1.6E-05 1.6E-05 1.5E-05 1.5E-05

-7.5 1.4E-O5 l.4E-05 1.5E-05 1.5E-05 1.5E-05 1.5E-05 1.5E-05 1.4E-05 1.4E-05
-8.75 1.2E-05 1.2E-05 1.3E-05 1.3E-05 1.3E-05 1.3B-05 1.3E-05 1.2E-05 1.2E-05

-10 1.OE-05 1.OE-05 1.1E-05 1.1E-05 1.1E-05 1.1E-05 1.1E-05 1.OE-05 1.OE-05
-11.25 8.7E-06 8.9E-06 9.OE-06 9.5E-06 9.OE-06 9.5E-06 9.OE-06 8.9E-06 8.7E-06
-12.5 7.3E-06 7.3E-06 7.6E-06 7.9E-06 7.5E-06 7.9B-06 7.6E-06 7.3E-06 7.3E-06

-13.75 6.OE-06 6.3E-06 6.5E-06 6.6E-06 6.3E-06 6.6E-06 6.5E-06 6.3E-06 6.OE-06
-15 5.3E-06 5.3E-06 5.5E-06 5.6E-06 5.7E-06 5.6E-06 5.5E-06 5.3E-06 5.3E-06

-16.25 4.5E-06 4.7E-06 4.7E-06 4.9E-06 4.7E-06 4.9E-06 4.7E-06 4.7E-06 4.5E-06
-17.5 3.9E-06 4.1E-06 4.1E-06 4.2E-06 4.OE-06 4.2E-06 4.1E-06 4.1E-06 3.9E-06

-18.75 3.4E-06 3.6E-06 3.6E-06 3.7E-06 3.7E-06 3.7E-06 3.6E-06 3.6E-06 3.4E-06



Table C2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement
from centerline
Perpendicular

to scan
direction_(cm)

-5 -3.75 -2.5 -1.25 0 1.25 2.5 3.75 5

-20 2.6E-06 3.1E-06 3.1E-06 2.8E-06 2.7E-06 2.8E-06 3.1E-06 3.1E-06 2.6E-06
-21.25 2.3E-06 2.4E-06 2.4E-06 2.4E-06 2.3E-06 2.4E-06 2.4E-06 2.4E-06 2.3E-06

-22.5 2.OE-06 2.2E-06 2.1E-06 2.2E-06 2.1E-06 2.2E-06 2.1E-06 2.2E-06 2.OE-06
-23.75 1.8E-06 1.9E-06 l.8E-06 1.9E-06 l.9E-06 1.9E-06 1.8E-06 1.9E-06 1.8E-06

-25 1.6E-06 1.7E-06 1.7E-O6 1.7E-06 1.7E-06 1.7E-06 1.7E-06 1.7E-06 1.6E-06
-26.25 1.5E-06 1.5E-06 1.5E-06 1.5E-06 1.5E-06 1.5E-06 1.5E-06 1.5E-06 1.SE-06

-27.5 1.3E-06 1.4E-06 1.3E-06 1.4E-06 1.3E-06 1.4E-06 1.3E-06 1.4E-06 1.3E-06
-28.75 1.2E-06 l.2E-06 1.2E-06 1.2B-06 1.2E-06 1.2E-06 1.2E-06 1.2E-06 1.2E-06

-30 1.1E-06 1.1E-06 1.1E-06 1.1E-06 1.1E-06 1.1E-06 1.IE-06 1.1E-06 1.1E-06
-31.25 1.OE-06 1.IE-06 1.OE-06 1.1E-06 1.OE-06 1.1E-06 1.OE-06 1.1E-06 1.013-06

-32.5 9.4E-07 9.9E-07 9.613-07 9.9E-07 9.6E-07 9.9E-07 9.6E-07 9.9E-07 9.413-07
-33.75 8.8E-07 9.1E-07 8.9E-07 9.OE-07 8.9E-07 9.OE-07 8.9E-07 9.1E-07 8.8E-07

-35 8.3E-07 8.5E-07 8.3E-07 8.SE-07 8.3E-07 8.513-07 8.3E-07 8.5E-07 8.3E-07
-36.25 7.6E-07 8.OE-07 7.6E-07 8.OE-07 7.813-07 8.OE-07 7.6E-07 8.OE-07 7.6E-07

-37.5 7.2E-07 7.4E-07 7.2E-07 7.5E-07 7.4E-07 7.5E-07 7.2E-07 7.4E-07 7.2E-07
-38.75 6.8E-07 6.913-07 6.8E-07 7.1E-07 7.IE-07 7.1E-07 6.8E-07 6.9E-07 6.8E-07

-40 6.5E-07 6.6E-07 6.5E-07 6.7E-07 6.8E-07 6.7E-07 6.5E-07 6.6E-07 6.5E-07
-41.25 6.1E-07 6.2E-07 6.1E-07 6.2E-07 6.4E-07 6.2E-07 6.1E-07 2E-07 6.113-07



Table C2 (continued)

Displacement from centerline
Perpendicular to scan direction (cm)

Displacement -5 -3.75 -2.5 -1.25 1.25 2.5 3.75 5
from centerline
Perpendicular

to scan
direction_(cm)

-42.5 5.9E-07 6.OE-07 5.9B-07 6.OE-07 6.2E-07 6.OE-07 5.9E-07 6.OE-07 5.9E-07
-43.75 5.5E-07 5.6E-07 5.SE-07 5.6E-07 5.9E-07 5.6E-07 5.5E-07 5.6E-07 5.5E-07

-45 5.3E-07 5.4E-07 5.3E-07 5.5E-07 5.8E-07 5.5E-07 5.3E-07 5.4E-07 5.3E-07




