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ABSTRACT

Emergency responders could be exposed to loose radioactive material during a
mission. As part of a research project at Texas A&M University, F was sprayed in a
small area where an Exercise Participant (in protective gear) conducted simulated search
activities. A dose assessment tool developed by the researchers was used to estimate
doses to the Radiation Worker (mixer and sprayer) and Exercise Participant. The current
project aimed to validate the assessment methodology by comparing actual and
estimated doses of the two personnel. In the scenario, the Radiation Worker injected and
mixed 200 MBq Fludeoxyglucose *8F (FDG) with 470 ml H2O in a commercial weed
sprayer. The solution was distributed evenly over a 3 m x 3 m region in 5 min. After 36
min of evaporation, the Exercise Participant entered the area for a total of 22 min. Actual
whole body (WB) doses from optically stimulated luminescence (OSL) were 10 + 2 uSv
for both the Radiation Worker and Exercise Participant. WB digital personal dosimeter
readings were 4.3 + 0.4 uSv and 3.3 £ 1.0 uSv for the Radiation Worker and Exercise
Participant, respectively. Actual extremity doses to Radiation Worker’s finger
dosimeters were < 100 uSv (minimum detectable limit), and to exercise participant’s leg
OSL was < 10 puSv.

Preliminary dose assessment method was conservative for the Radiation Worker
and conservatively accurate for the Exercise Participant. The predicted Radiation
Worker doses were 90 uSv to the whole body (WB) and 744 uSv to the hand, both > 20

above the actual exposures. The Exercise Participant’s estimated doses were 7 uSv to the



WB and 15 uSv to the knee area, which were in the same order of magnitude as the
actual.

Refined dose assessment aimed to predict personnel exposure more exactly and
was shown to be accurate. The predicted Radiation Worker doses were 2.8 + 0.8 uSv to
the WB and 21.8 + 7.5 uSv to the hand. The Exercise Participant’s estimated doses were
5.2+0.5 uSv to the WB and 13.4 £ 1.2 uSv to the knee area. Estimated whole body
doses were in the same order of magnitude as the actual doses for both the Radiation
Worker and the Exercise Participant. Comparing estimated extremity dose to the actual
value was difficult, due to exposures having been below detectable limits, however,

there were no obvious inconsistencies.
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1. INTRODUCTION

1.1. Motivation

The long-term goal of this research is to aid in the development of safe exercise
scenarios that involve unsealed radioactive material (RAM). A dose assessment tool
designed by Lainy Cochran for this purpose is able to estimate the dose to personnel
training with unsealed sources [1]. The objective of the current project was to validate

this tool.

1.1.1. Emergency Response Training

The need to properly prepare responders for radiological dispersal incidents is of
paramount importance. ldeally, training exercises would provide personnel the most
realistic scenarios in order to instill practical skills for actual incidents; but only with the
limiting condition that there are benefits in exposing responders to radiation fields
during training. This is in accordance with the “as low as reasonably achievable”
(ALARA) philosophy of radiation protection [2]. The training objectives for radiation
emergency responders, according to the National Council on Radiation Protection and
Measurements (NCRP) Commentary No. 19, “Key Elements of Preparing Emergency
Responders for Nuclear and Radiological Terrorism” are the following [3] [1].

1. Enhance their ability to take appropriate measures to protect themselves and
the public.

2. Increase their confidence about effectively managing an emergency involving
radiation or radioactive materials.



It would be beneficial for responders to have the ability to train in areas with
dispersed radioactive material. This would allow trainees to acquire the most accurate
assessment of instrument response in a realistic environment. It would allow experience
with decontamination. It would also help law enforcement understand how to collect,
maintain chain-of-custody, and transport radioactively contaminated evidence. However,
since this raises the potential of health hazards to exposed training personnel, careful
selection of radioisotope and dispersion methods is required.

Most current radiation dispersion trainings involve table-top scenarios and sealed
sources; which preclude trainees from hands-on experience in the actual detector
behaviors and the contamination challenges in an environment with loose RAM [4]. In a
setting with dispersed radioisotopes, acquiring detection skills such as locating dispersed
hot-spots or delineating exclusion zones are essential. Providing feedback on the
effectiveness of contamination avoidance and decontamination are also of upmost
importance. Sealed-sources and table-top exercises cannot realistically provide such
training.

Recognizing this deficiency, a handful of agencies have conducted limited field
exercises with unsealed sources [1] [5]. Savanna River National Laboratory and Idaho
National Laboratory performed field exercises with loose sources in 2010 [6] [7].
Nevada National Security Site (NNSS) Testing Radiation and Contamination in
Emergency Response (TRACER) program also conducted a radiation dispersal exercise
in 2012. In this field training, Tc-99m was dissolved in water and sprayed on target areas

at the T-1 site. A pre-exercise dose assessment was performed by NNSS but was not



published [1]. Texas A&M University was able to acquire a copy of the document; and

the current research is based heavily on their report.

1.1.2. Support of Disaster City

The Texas A&M Engineering Extension Service (TEEX) in College Station,
Texas is an organization which provides emergency responders “support to disasters
across the state and nation and develops training and practical workforce solutions to fire
and rescue, infrastructure and safety, law enforcement, economic and workforce
development, and homeland security personnel”. It operates Disaster City®, which is a
mock community that “features full-scale, collapsible structures designed to simulate
various levels of disaster and wreckage which can be customized for the specific
trainings.” [8] The Department of Nuclear Engineering at Texas A&M University has
been a long-time partner with TEEX and supported various radiation exercises at
Disaster City® using sealed sources. The long-term research aim is to design more
realistic but safe response training using dispersed radioactive material at Disaster

City®.



1.2. Literature Review

Pre-exercise dose assessments are essential in the design of a practical and safe

exercise using unsealed sources. As mentioned above, the NNSS’s TRACER conducted

a dose assessment on the use of Tc-99m in a dispersion exercise. Various other research

groups have developed and performed validation of models for estimating public dose

during accidents involving the dispersal of radioactive material. Most simulations

focused on releases from facilities in the nuclear fuel cycle, as listed in Table 1.1. At

least one tool is available for estimating personnel dose specific to a Radiation Dispersal

Device incident (Table 1.2); however, validation studies were not found.

Table 1.1 Example Model Validations of Nuclear Facility Accidents.

Modeling Method Incident Description Dose Type Author
. . . . Simon, 1988
Analytical Equation Atomic Test Fallout Thyroid [9]
Deterministic JSP5 Chernobyl Environmental External Golikov, 1999
Model Contamination [10]
. : EMRAS,
Various Chernobyl 1-131 Release Various 2007 [11]
NCAR Mesoscale,
CG-MATHEW/ Kr-85 Dispersion from Abe, 2015
ADPIC Atmosphere Fuel Reprocessing Gamma [12]
Dispersion
WSPEEDI-II . . Kim, 2015
Atmosphere Dispersion Fukushima Accident Internal [13]




Table 1.2 Example Dose Assessment Modeling of Radiation Dispersal Device.

Modeling Method Incident Description Output Author
ERMIN/ARGOS Dirty Bomb Explosion in Internal and Andersson,
Atmosphere Dispersion Urban Area External Dose 2009 [14]

Several incident response tools are also available. For example, the Argonne
National Laboratory developed the RESRAD-RDD “to evaluate human radiation
exposures during the early, intermediate, or late phase of response after a radiological
dispersal device (RDD) incident.” [15]. It is a useful tool to calculate stay time,
determine “Early-Phase Protection Action” (evacuation or sheltering), etc. However,
RESRAD-RDD was designed to assess radioisotopes with significant human health risk,
such as Am-241, Cf-252, Cm-244, Co-60, Cs-137, Ir-192, Po-210, Pu-238, Pu-239, Ra-
226, and Sr-90. These isotopes are important and correlate with the most likely material
to be used in RDDs. However, the preferred candidates for an exercise design should
pose minimal risk to the trainees. Furthermore, RESRAD-RDD was not intended to be
used for estimating dose on responders, though results can be extrapolated from the
output with some manipulation.

Other software programs are available to assist responders in a radiation event,
however, they are more applicable for actual incidents than for designing training
exercises. TURBO-FRMAC is a response software created by Sandia which is designed
to assist “incident commanders” make critical decisions during a radiation incident.
However, the program uses “values generated by field samples, instrument readings, or

computer dispersion models”. The usability of this software for the current research is

5



limited because TURBO-FRMAC depends on actual measurements to estimate projected
dose [16]. Instead, the goal of the project is to predict dose prior to dispersion. SHARC
(Specialized Hazard Assessment Response Capability) is a software that simulates the
“release of radioactivity from a nuclear weapon via either conventional detonation or by
non-explosive techniques”. Similar to RESRAD-RDD, the primary isotopes are
hazardous radioactive material more likely to be used in an actual attack [17]. Other
software packages such as DC_PAK, AcuteDose Calculator, and RiskTab are tools
available for estimating dose and health risks [18]. These mainly provide quick access to
dose and risk coefficients of radiation exposures; therefore, they are of some but limited
use for modeling dispersion scenarios.

In summary, various tools are available for estimating doses to the public when
radioisotopes are dispersed into the environment. However, major modifications of these
models would be required to be used for designing exercises where less hazardous
material are dispersed, and where dose prediction will focus on the responders and those

dispersing the source, rather than on the public.

1.2.1. Studies Performed at Texas A&M University
1.2.1.1. Radionuclide Candidates

A study published in the 2018, “Radionuclide Selection for Emergency Response
Exercise at Disaster City® Using Unsealed Radioactive Contamination”, Lainy Cochran
and Dr. Marianno researched short-lived radioisotopes that could be used for radiation

dispersion response training. The investigation included compiling information on



isotopes used during the few publicly known unsealed source exercises and those which
were readily available or producible by Texas A&M University [5]. The seven
radionuclides selected as candidates for dispersal training at TEEX Disaster City® were
9mTc, 18F, 24Na, %°*Mn, %4Cu, 8Br, and '“°La. These were chosen because the
radiopharmaceuticals ®™Tc and *8F were available for purchase from nearby vendors,
while ?*Na, *®Mn, %4Cu, 82Br, and *°La could be produced by the Texas A&M Nuclear
Science Center Test, Research, Isotopes, General Atomics (TRIGA) reactor via thermal

neutron activation.

1.2.1.2. Preliminary Dose Assessment

Following the selection of radioisotopes, Cochran and Marianno performed
preliminary dose assessments following the NNSS TRACER design using the point-
kernel simulation software MicroShield® to determine the safe levels of source activities
for training. The assessment method took place in the daytime with little-to-no wind nor
precipitation. For the dose estimation, personnel were assumed to have no personnel
protective equipment. Events analyzed included the injection of the radioactive source
into a container, dissolution in about 3,800 ml of water, then dispersion onto the
intended surface. The source was allowed to settle before responders were permitted into
the contaminated area. Unplanned events including hypothetical spills and intrusions by
members of the public were studied. Accidental exposure due to a drop of the radioactive

solution on the skin was also analyzed. The study estimated external and internal



exposures for these planned and unplanned scenarios, then compared with dose limits
posed by federal and local agencies.

The current investigation was a validation study of this dose assessment method
focusing on external exposure. The assessment tool was used to estimate personnel
exposure to an actual radiation dispersion exercise, then a comparison was made
between the estimated and actual doses in order to infer the reliability of the

methodology.

1.2.1.3. Recommended Isotope Activities

In the same investigation by Cochran, recommended activities of the isotopes
were found by restricting the exposures to below the following cut-offs on dose limits.
For the Radiation Worker that dissolved and distributed the source, the analysis used the
administrative dose limits set by the Texas A&M Environmental Health and Safety
Department (EHSD) radiation safety office [19], which was 10% of the dose limits set by
Texas Department of the State in 25TAC 289.202 and federal occupational dose limits in 10
CFR 20.1201 [20] [21]. This equated to 5 mSv total effective dose equivalent (TEDE) and
50 mSv total organ dose equivalent (TODE). The doses to Exercise Participants (responders)
were held under a more restrictive threshold of 1% of the state and federal limits. This
equated to 0.5 mSv total effective dose equivalent (TEDE) and 5 mSv total organ dose
equivalent (TODE). Cut-off for skin exposure was the EHSD administrative dose limit for
shallow-dose equivalent (SDE), which was 10% of state and federal annual occupational

limit. This equated to 50 mSv. The limiting dose to the public was the state and federal



annual dose limit (10 CFR 20.1301) for individual members of the public, i.e., 1 mSv TEDE

[20] [22]. The identified activities which can be safely used are shown in Table 1.3 [1].

Table 1.3. Recommended Maximum Activity Levels of Candidate Radioisotopes from
Preliminary Dose Assessment [1].

. o Maximum dose rate at
: . Maximum activity, . o
Radionuclide MBq (mCi) - 100 ecm during exercise,
q (e uSv h'! (mrem h!)
I5p 740 (20)® 16.8 (1.68)
**Na 370 (10) 22.4(2.24)
*Mn 740 (20) 20.9 (2.09)
%Cu 1.480 (40) 7.1(0.71)
“Br 370 (10) 19.1 (1.91)
mTe 740 (20)* 3.3(0.33)
M0a 37(1) 1.4 (0.14)




2. METHODOLOGY

2.1. Contamination Scenario

Fludeoxyglucose fluorine-18 (FDG) was used for this research. FDG is a
positron emitting radiopharmaceutical containing no-carrier added radioactive 2-deoxy-
2-[18F]fluoro-D-glucose, which is used for diagnostic purposes in conjunction with
Positron Emission Tomography (PET) [23]. Its health effects having been well
characterized by the Committee on Medical Internal Radiation Dose (MIRD) for human
use made it a desirable candidate. FDG is isotonic, sterile, pyrogen-free, and water
soluble [24]. The site where the dispersal was planned at also routinely handled FDG for
its PET studies on animals. Lastly, F-18 decays with a half-life of 110 minutes to stable
oxygen-18, which meant that radiation of contaminated surfaces was expected to return
to background levels within 48 hours. Detailed nuclear data is included in APPENDIX
E. The amount of F-18 planned for dispersion was 185 MBq (5 mCi). The typical dose
injected in human patients is in the range of 185-370 MBq, therefore 185 MBq was
expected to pose minimal external and internal hazards [25] [23]. The experiment was
approved by Texas A&M University’s Institutional Review Board (IRB), Institutional
Animal Care and Use Committee (IACUC), and Radiation Safety Committee (RSC).

The designated dispersion site was a post-procedure room for animals which
underwent tests involving medical radioisotopes. Thus, it was designed for containing F-
18 excretions. This room had a flat, nonporous floor, no windows, concrete walls, and
single entry with lockable metal doors. It was a negative pressure room with adjustable

Heating, Ventilation, and Air conditioning (HVAC) systems. All drains could be
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plugged to prevent leakage to the sewage system. The building could be fully secured,
and the room was inside a locked corridor (Figure 2.1). This allowed the room to be
isolated until it returned to background levels [26]. The area was to be prepped to
simulate a disaster area. Iltems were to be placed to model a rubble pile and corn starch
was to be applied to the surface to create a dusty environment. A photo of the 3 m x 3 x
taped area in the room to be contaminated is shown in Figure 2.2.

The planned dispersion event consisted of a Radiation Worker who mixed and
dispersed the FDG and an Exercise Participant who performed response activities in the
contaminated area. The Radiation Worker was to inject and dissolve FDG into water. He
would then disperse the solution using a weed sprayer onto a 3 m x 3 m surface inside a
post PET scan animal holding room. After adequate evaporation of the source, the

Exercise Participant was to enter the scene and performed simulated search activities.

11



Figure 2.2 Area to be Contaminated with Rubble PIe and Dusty Environment.
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2.2. Preliminary Dose Assessment Tool in Detail

Using the preliminary dose assessment tool and its default conservative
parameters set by Lainy Cochran, the doses were estimated for the anticipated
experimental scenario. The dose assessment method parameters were then revised to use
the actual source characteristics, exposure distances, and exposure times observed during
the dispersion event. The latter, refined dose prediction allowed further validation of the
methodology.

The assessment tool was an MS Excel workbook which performed dose
calculations based on user input of exposure parameters and calculations from
MicroShield®. Cells expecting user inputs are highlighted orange in the Excel

spreadsheet and shown in Figure 2.3, though there were some exceptions.

KEY for cell formatting:

User inputs

Cell value linked to selected radionuclide;
xx Value automatically inserted from library

Cell value linked to input on another sheet

|:|Spread5heet intermediate calculation

Spreadﬁheet output

Figure 2.3 Assessment Tool Cell Formatting Legend.
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2.2.1. Over-View of the Model

Two personnel were analyzed: 1) The mixer and sprayer, aka Radiation Worker,
and 2) Exercise Participant. The first step in using the assessment tool was to select the
F-18 radioisotope and the 185 MBq (5 mCi) activity, as shown boxed in Figure 2.4. In

this report, only external dose was assessed.

The following radionuclide selection Activity Information for exercise

applies to the entire workbook:

SELECT RADIOMNUCLIDE: F-18 Activity of source 5.00E-03|Ci
SO SO0 | Tt
5.00E+03 [uCi

-l 1.B3E+H - -

Half-life 1.83E+00| hr Size of contaminated area 3.09E+06|cm™2

Daughter 0-18 Surface contamination level 1.62E-03|uCifcm*2

Daughter Half-life stable|hr

r READ ME | 1. External 2. Interng READ ME 1. External 2. Internal 3. Re

Figure 2.4 Source Characteristics Entry on Dose Assessment Method Spreadsheet.

2.2.2. Radiation Worker

Total external dose the Radiation Worker received was the sum of exposure from
mixing and spraying. The external exposure for the Radiation Worker during mixing was
assumed by default in the assessment tool to be as shown in Figure 2.5 and Table 2.1.
The syringe containing the source was taken to be a point source. The extremity was the
hand, which was 1 cm from the source volume. The whole body was the chest, 30 cm

from the source. The mixing was assumed to take 1 min. The calculated dose was
14



performed with the following gamma constant for F-18 [27]. Data entry to the

assessment tool is shown in Figure 2.6.

['=1.851x%x10"*

mSv-m?
hr-

(6.85 x 10~
MBq

1 rem-mz)

- Equation 1
hr-Ci

H

Extremity
(1cm)

Figure 2.5 External Exposure Description During Mixing (Photo Taken During Dry-
Run).
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Table 2.1 Preliminary External Exposure Parameters Used for Mixing.

Whole Body Extremity
Source Type Syringe Syringe
Source Distance 30 cm lcm
Exposure Time 1 min 1 min
Calculation Method | Gamma Constant | Gamma Constant

(Point Source) (Point Source)

Handling source post-activation :: POINT SOURCE

Turner, Chp 12 p. 382

Gamma constant, I 5.85E-01 {Rem m"~2)/(hr Ci)

Duration of exposure 0.017 | hr

Distance from source, r 0.01 0.3|m

Dose rate 3.42E+01 3.B0E-02 |Rem/hr
3.42E+04 3.BOE+01|{mrem,/hr

Dose 5.71E-01 6.34E-04| Rem
5.T1E+02 6.34E-01 | mrem

SINNYI 1. External | .. () 1

Figure 2.6 Assessment Tool Entry on External Dose during Mixing.

During spraying, external dose to the Radiation Worker was assumed to be only
from the weed sprayer. The dose rates in the tool were determined using a cylinder
source in MicroShield®. Ignoring the F-18 dispersed on the ground was based on that
contribution from the radionuclide on the floor was minimal relative to the cylinder
source. In the default case, the exposure rate from the cylinder was > 70 X that from the

source plane. By assuming that exposure during the entire spraying event was from the
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cylinder source with the full volume of F-18, the estimated dose was expected to be
more conservative than, for example, splitting half of the source between the cylinder
and the plane source. The source and exposure distances are shown in Figure 2.7 and

Table 2.2.

Whole Body
(30 cm)

Extremity
(1 cm)

Cylinder
Source

Figure 2.7 External Exposure Illustration during Spraying (Photo Taken During Dry-
Run).
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Table 2.2 Preliminary External Exposure Parameters While Spraying.

Whole Body Extremity
Source Type 3706.7 cm3 Fluid 3706.7 cm3 Fluid
Source Distance 30cm lcm
Exposure Time 30 min 30 min
Calculation MicroShield® MicroShield®
Method 3706.7 cm3 Cylinder | 3706.7 cm3 Cylinder

The MicroShield® model assumed the weed sprayer was a container with 7.62
cm radius and 20.32 ¢cm height. This was equivalent to about 3706.7 cm3 (~ 1 gallon) of
water. The extremity and chest exposed were 1 cm and 30 cm above the top of the
cylinder, respectively. All other required inputs used program defaults, e.g., air density,
water density, and energy grouping. The MicroShield® input is shown in Figure 2.8.
The output used for analysis was “Exposure Rate mR/hr With Buildup”, where the
exposure to equivalent dose conversion was one, in the British unit system.

1 roentgen = 1rem
The output from MicroShield® used for entry to the assessment tool is shown boxed in

Figure 2.9. The input to the assessment tool is shown in Figure 2.10.
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 Dimension | Materials ) Source | Buidup Y Integration | Title Y Semsitivity )

Height |20.32

Radius |7.62
Wall Clad |0 u
Top Clad |0 ||
Source .
sh1 [0 o |
Sh2 |0 |
sh3 |o s M
Sh4 |0 si
Sh5 |0 G |
Shé |0 c |
Sh7 |0 E |
Sh8& |0 S |
Sh9 |p c |
Sh10 |0 s |

Units
I Centimeters  « I

Dose|] X | Y | Z | ArGap = Fomt |

1 0 2132 0 1

2 0 50.32 0 0 i

3 NA __ Defaur |

4 NA h Auto |
x[2 $|v[20%]z[0 2] zoom ' |o0u] Aods

Y
X
Z

Figure 2.8 MicroShield® Modeling Input of Weed Sprayer as a Cylinder.

34 Results - Dose Point No. 1- (X=0,Y=2132,Z=0) cm
35: Activi Fluence Rate | Fluence Rate | Exposure Rate | Exposure Rate | Absorl]
36 | Energy (MeV) (P Dmr:sr;‘rml MeV/cm®fsec| MeV/cm®fsec mR/hr mR/hr

2T Mo Buildup | With Buildup | Mo Buildup | With Buildup M
38_ 5 25E-04 3.31E+04 1.27E-03 1.47E-03 7.42E-03 B.56E-03

39| 5 116-01 358E:08|  116E:05  L7BE+05 2.286+02 EWrIT

40- Total 3.58E+08 1.16E+05 1.76E+05 2.2BE+02 345.8 1
41|

42 Results - Dose Point No. 2 - (X =0, Y=50.32, Z=0) cm
43: Activity Fluence Rate | Fluence Rate | Exposure Rate | Exposure Rate Absorl]
44 Energy (MeV) (Photons/sec) MeV/cm®fsec| MeV/cm®fsec mR/hr mR/hr

45 Mo Buildup | With Buildup | Mo Buildup | With Buildup M
46 | 5.25E-04 331E+04)  416E-05 4.83E-05 243E-04 2.82E-04

47 | 5.11E-01 358E+08|  479E+03|  B.50E+D3 5 40E+00 1 67E+0]

48_ Total 3.58E+08 4.79E+03 B.5S0E+03 9.40E+00 16.68 E

Figure 2.9 Weed Sprayer MicroShield® Modeling Dose Rate Output of Spraying.
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***ENTER MICROSHIELD QUTPUT=*=

Distribution of source :: CYLINDRICAL VOLUME SOURCE

Duration of exposure hr
Dose rate (mrem/hr) [Using exposure rate
F-18 MNa-24 Mn-56 Cu-64
Enter activity used for M5 calculatio - 5.00E-03

lcm 3458

- Manual entry cellz Ocm 16.68

- Mot dependent cellz nor

has formulas Dose [mrem)
lcm 1.73E+02 0.00E+DD 0.00E+DD 0.00E+D0D

30 cm B.34E+00 0.00E+DD 0.00E+DD 0.00E+D0D

| SNV 1. External | 2. Internal ... (¥ 1 3

Figure 2.10 Dose Assessment Tool Input for Weed Sprayer.

2.2.3. Exercise Participant

External dose received by the Exercise Participant was from the source plane
shown in Figure 2.11. The source was assumed have settled on the ground and was
modeled as an infinite plane for the most conservative estimate. The extremity was the
foot 1 cm from the ground. Whole body was 100 cm from the floor to be conservative.

The total time of exposure was assumed to be 3 hours (Table 2.3).
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Extremity
(2 cm)

Figure 2.11 External Exposure Illustration of Exercise Participant

| Whole Body
(100 cm)

Source
Plane

Table 2.3 Preliminary Exercise Participant External Exposure Parameters.

Whole Body Extremity
Source Type 3.09 x 10° cm? Plane | 3.09 x 10° cm? Plane
Source Distance 100 cm lcm
Exposure Time 3 hours 3 hours
. MicroShiel MicroShiel
Calculation Method "? (?S leld® I(? c_)S leld®
Infinite Plane Infinite Plane

Exposure rate was calculated using an infinite plane source in MicroShield®,
shown in Figure 2.12. Source distances were 100 cm to the whole body and 1 cm to the
extremity. The additional detector at 30 cm, boxed in Figure 2.12, was not used for
calculating TEDE in the default analysis but was utilized in final modeling, to be

discussed later. The areal density required for modeling was calculated using the
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assessment tool, which assumed the spray area to be 308.8 m? (3.09 x 10° cm?). This
areal density stemmed from the tool having been built to correlate with the NNSS
TRACER exercise, which estimated that 3706.7 cm3 (~ 1 gallon) of water would cover
that amount of surface area [1] [28]. This is also the planned dispersion area for Disaster
City®. The areal density output from the tool is shown boxed in Figure 2.13. The
MicroShield® areal density input is circled in Figure 2.14. And, as before, the
“Exposure Rate with Buildup” was used to estimate the equivalent dose rate, as shown

boxed in Figure 2.15. Assessment tool input is shown boxed in Figure 2.16.

DimensionY Materials Y Source Y Buildup YlntegrationY Title YSensitivity\
Dose X Air Gap =] Front
1 1 1 —
2 30 30 Top
3 100 100 %
Source [ 4 NA s %
swtop 3 H x[2 ]y [0 2]2[0 2] zom I [0 fuis
Sh 2 0 |
Sh 3 0 |
Sh4 |0 s N
Sh 5 0 sl |
Sh6 |0 S| N Y.
Sh7 |0 S| N
Sh8 |0 SI N
Sh9 |0 SI N
Sh10 [0 S N zZ
- X
Units

Figure 2.12 MicroShield® Infinite Plane Modeling of Exercise Participant External
Exposure.
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Activity Information for exercise

Activity of source 5.00E-03|Ci
5.00E+00| mCi
5.00E+03 [uCi

Size of contaminated area 3.09E+06|cm~2
Surface contamination level uCijcm*2

| 1. External | 2.Internal .. (¥ 1

Figure 2.13 Areal Density Calculation with Assessment Method of the Dispersed Plane.

DimensionY Materials Y Source Y Buildup YlntegratfonY Title YSensi‘thri‘ly‘

& Standard Indices : |
R — MNuclides | External | Import | Decay | Default | Group Photons

€ Logatithmic

" Exponential Library : Grove
—
ACTUAL PHOTONS [Nuctide | uCirem®* Y Bg/em® |2 Energy Activity ‘ AreaSource | %Energy +
o - | F-18 1.6200e-003 p.9940e+001 |w|| # | (MeV) | Photons/ Photons/sec/cm® | Activity
e Infsgens (17 1| 00005 | 1.0732e-002 1.0732¢-002 000
2 Wz D= 2 | 0511 | 1.1506e+002 1.1596e+002 100000 ~

" User Defined at Std Ind.

# Automatic Groups
< A

Lower Energy Cutoff

0.015
& Include Photons Below 0.015
MeV

~ Exclude Photons Below 0.013
MeV

Figure 2.14 Areal Density Input to MicroShield® for the Dispersed Plane.
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Results - Dose Point Mo. 1- (X=1,Y=0,Z =0) cm
Fluence Rate | Exposure Rate | Exposure Rate

Fluence Rate

Energy [MeV) Activity (Photons/sec) | MeV/cm®fsec | MeV/em®fsec mR/hr mBfhr
Mo Buildup | With Buildup | Mo Buildup | With Buildup
5.25E-04 1.07E-02 1.61E-05 1.65E-05 8 39E-05 9 60E-05
5.11E-01 1.16E+02 2 54E+02 2 54E+02 4 99E-(
Total 1.16E+02 2.54E+02 2.54E+02 4.99E-01 0.4992
Results - Dose Point No. 2 - (X=30,Y=0,7 =0) cm
Fluence Rate | Fluence Rate | Exposure Rate | Exposure Rate
Energy [MeV) Activity (Photons/sec) | MeV/cm®fsec | MeV/em®fsec mR/hr mBfhr
Mo Buildup | With Buildup | Mo Buildup | With Buildup
5.25E-04 1.07E-02 6.66E-06 7.00E-06 3.89E-05 4 09E-05
5.11E-01 1.16E+02 1 54E+02 154E+02 3.02E-04d ol
Total 1.16E+02 1.54E+02 1.54E+02 3.02E-01 0.3016
Results - Dose Point No. 3 - (X =100, ¥ =0, Z =0) cm
Fluence Rate | Fluence Rate | Exposure Rate | Exposure Rate
Energy [MeV) Activity (Photons/sec) | MeV/cm®fsec | MeV/em®fsec mR/hr mBfhr
Mo Buildup | With Buildup | Mo Buildup | With Buildup
5.25E-04 1.07E-02 3.61E-06 3.91E-06 2. 11E-05 2 2BE-05
5.11E-01 1.16E+02 1.1RE+02 1.1BE+02 2 32E-04 ]
Total 1.16E+02 1.1BE+02 1.1BE+02 2.32E-01 0.232

Figure 2.15 MicroShield® Exposure Rate Output from Infinite Plane.

Exercise :: INFINITE PLANE SOURCE

Duration of exposure

Enter activity used for MS calculation (uC

Dose rate (mrem/hr) [Using exposu

[Contributes to dose for participants only; not to sprayer]

[ saolw

- Manual entry cellz
- Mat dependent cells nor

has farmulas

=3

1. External

F-18 Na-24 Mn-56 Cu-64
gueZlt  162E-03
" 1cm| 04832
/ 30 cm 0.3016
100 cm 0.232

Dase [mrg

1cm 1.50E+00 0.00E+00 0.00E+00 0.00

30 cm 9.05E-01 0.00E+00 0.00E+00 0.00

100 cm 6.96E-01 0.00E+00 0.00E+00 0.00

2, Internal | 3. Residual Rad | 4. A ... (B 1

Figure 2.16 Assessment Tool Input for Exercise Participant’s External Exposure.
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2.2.4. Sample of External Dose Output

The assessment tool calculated total external exposure for both the Radiation
Worker and Exercise Participant as summarized in the “Nuclide Results” tab, is in
Figure 2.17 and Figure 2.18, boxed in black. This data was used to calculate the TEDE,
which was compared with the dose limit cut-offs to determine the safe amount of

radioisotopes that can be used, as discussed in ““1.2.1.3 Recommended Isotope

TR
Activities”.
Duration Intake Dase rate Daose
(hr} {uCi) {mremfhr)  (mrem)
Post-activation handling Lem 0.02 3.42E+D4r 571E+02
30 cm 3.B0E+01  6.34E-01
Bxternal 1 3.46E+02 1.73E+02
3 Distribution £m 05 : :
= 30 cm 167E+01 B.34E+00
-E - CEDE 5.00E+01 5.00E+00
" Ingestion
> CDE 5.00E+01 5.31E+01
Internal
. CECE 5.00E+01 3.57E+00
Inhalation
CDE 5.00E+01 2.02E+01
10% admin
Limit limit Dase 2% of admin
(mrem) {mrem) (mrem) limit
Sum external at 30 cm = DDE 5000 500 £l 1.79E+00
Sum external at 1 cm = SDE, EXT 50000 5000 744 1.49E+01
5. Nuclide Results | Sheetl &, Library ® 1 r
Figure 2.17 Sample External Exposure from Dose Assessment Method to Radiation
Worker.
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Exercise
participant

5. Nuclide Results

Duration Intake

Dose rate

Dase

External

Internal

Sheetl

&. Library

I J.+_T:|

4

(hr) [uCi) {mrem/hr)  (mrem)
1cm 499E-01 150E+00
Exercise 30 cm 3 3.02E-01 9.05E-M1
100 cm 232E-01 6.96E-01
. CEDE 1.00E+00 1.00E-01
Ingestiaon
CDE 1.00E+00 1.06E+00
- CEDE 1.00E+00 7.14E-02
Inhalation
CDE 1.00E+00 4.03E-01
10% of
10% admin
Limit limit Dase % of 10% of
{mrem) {mrem) {mrem) Jadmin limit
External at 100 cm = DDE S000 50 0.7 1.39E+00
External at 1 cm = SDE, EXT 50000 500 15 3.00E-01

»

Figure 2.18 Sample External Exposure Results to the Exercise Participant.

2.3. Dispersion Exercise

The actual dispersion event took place on 22 May 2018. Pre-experimental

preparation is described in APPENDIX F. The most pertinent events for the assessment

are listed below, including several direct readings with ion chamber detectors. A

summary of the exposure times is shown in Table 2.4. Actual amount of FDG injected

was 200.5 MBq (5.419 mCi). The Exercise Participant was estimated to be in the

contaminated area from 20 - 24 min. This range was used to calculate the minimum and

maximum estimated doses.

0936

0937

0937

Opened FDG lead casing

Radiation Worker Entered room

Injected into sprayer and returned FDG to casing

Point source 1 — 3 s exposure (actual handling of syringe before injection)

0937

Swirled mixture
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0938 lon chamber 0.3 m from weed sprayer: 240 uSv/hr (24 mR/hr)
0938 Pumping
lon chamber outside door 3 m from weed sprayer 70 uSv/hr (0.7 mR/hr)
0939 Started spraying
0941 Finished spraying
0942 Radiation Worker Exited room (Total time exposed to cylinder <5 min)
0942-1018 Dispersion allowed to settle and dry (36 min elapsed)
1018 Exercise Participant entered room
1029 Exercise Participant surveyed room and took swipe samples

1041 Exercise Participant exited room

Table 2.4 Summary of Exposure Times during Experiment.

Exposure time Radiation Worker Exercise Participant
Syringe 1-3s -
Cylinder Source <5 min -
Plane Source | ~ 2 min (not for calculations) 22 min

2.3.1. Measurements

Monitoring of external exposure was accomplished with optically stimulated
luminescence (OSL) badges and thermoluminescent dosimeter (TLD) rings, both from
Landauer. OSL badges were Luxel®+, which had a y and B detection range of 10 uSv —

10 Sv and 100 uSv — 10 Sv, respectively; uncertainty was + 15%. At the lower limit of
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10 uSv, the uncertainty was much higher at + 20 uSv. Per Landauer datasheets,
“Luxel®+ has Deep Dose (Hp 10) accuracy of £ 15% at the 95% confidence interval for
photons above 20 keV” and “minimum reporting as low as 1 mrem, with a precision of
+ 2 mrem” [29] [30]. TLDs were Saturn® Rings with y and  detection range of 100 uSv
— 10 Sv [31]; uncertainty was + 20% (APPENDIX H).

Supplemental personal digital alarming dosimeters and direct reading
instruments were also used. The first digital dosimeter was a Ludlum Model 25-1
Geiger-Mueller (GM) detector (Figure 2.19), which had a display range of 0.1 uSv/hr to
9.99 Sv/hr (0.01 mR/hr to 999 R/hr) and max cumulated dose of 9.99 Sv (999 R).
Gamma response was 1800 cpm per mSv/h (18 cpm per mR/hr), B response was < .001
mSv/h (<0.10 mR/hr), and uncertainty was +10% [32]. The second was a
Canberra/Mirion UltraRadiac™-Plus Geiger-Mueller (GM) gamma detector (Figure
2.20), which had a measurement range for y of 0.01 uSv/h to 2 Sv/h (1.0 uR/hr to 200
R/hr) and 0.001 pSv t0 9.99 Sv (0.1 uR to 999 R); uncertain was + 30% for 1 uSv/hr to
2.0 Sv/hr (100 puR/hr to 200 R/hr) and response time was 1 s [33]. Direct readings were
taken with Fluke 451P gas ion chambers which were responsive to y > 25 keV and § > 1
MeV, and had a response time of 1.8 s for dose rates from 0 to 12.9 pC/kg (0 to 50

mR/hr); uncertainty was +10% [34].
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RATE | ALARM [ oose

[ LigHT | CLRITEST | ONIOFF
——  ——

Figure 2.20 Canberra/Mirion UltraRadiac™-Plus Geiger-Mueller (GM) Detector [33].
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2.3.1.1. Radiation Worker

Monitoring devices for the Mixer/Sprayer were placed as shown in Figure 2.21.
OSL badges were worn under Tyvek® protective clothing at chest, waist, and one knee.
TLD finger rings were fitted on both hands under two layers of 4 mil nitrile gloves. A
Ludlum M25-1 Personal Radiation Monitor (alarm dosimeter) was worn on the chest

inside the Tyvek®.

‘ OSL & .
Digital Dosimeter -

5 = s

/’

Figure 2.21 Dosimeters worn b Radiation Worker used for Validation.

30



2.3.1.2. Exercise Participant

Monitoring devices for the Exercise Participant were located as shown in Figure
2.22. OSL badges were worn under Tyvek® protective clothing, at chest and one knee.
TLD finger rings were fitted on both hands under one layer of 4 mil nitrile gloves. A
Canberra/Mirion UltraRadiac™-Plus Personal Radiation Monitor (alarm dosimeter) and

a Ludlum M25-1 were worn on the chest inside the Tyvek®.

———

y OSL &
: Digital Dosimeter

Figure 2.22 Dosimeters Worn by Exercise Participant used for Validation.
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Other readings were taken to assess actual exposure. Two Fluke 451P gas ion
chambers were placed near the door; one just inside, the other outside to monitor
possible radiation leakage to the hallway. It also provided exposure rate estimations
during the mixing process, which took place near the entryway. Though the digital
personal radiation alarming dosimeters were factory calibrated, to verify the accuracy of
the readings the meters were checked using a calibration standard after the experiment.

Detailed procedure is discussed in APPENDIX B.

2.4. Refined Dose Estimation

After the dispersion exercise, more exact estimations of radiation doses were
performed using the same dose assessment tool but with parameters from the actual
event, rather than the defaults. This provided evidence on the accuracy of the dose
assessment methodology.
2.4.1. Mixing and Spraying

A summary of the actual parameters for the Radiation Worker during mixing are
shown in Figure 2.23 and Table 2.5. During mixing, the TLD on the hand holding the
syringe was 5 cm from the source, while the chest OSL was about 30 cm from the
syringe. Preliminary (default) parameters are shown also in Table 2.5, for comparison.
While mixing the Radiation Worker injected the source then swirled the content. The
exposure period for the refined estimate for mixing included only the time to inject the
radioisotope into the container. Adding the swirling time over-estimated doses due to the

high exposure rate of the point source (syringe), which was not applicable during
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swirling. Instead, swirling time was accounted for in the spraying period. During
spraying, the TLD on the hand holding the weed sprayer was 37 cm above the top of the
source volume, and the OSL on the chest was 90 cm from the source. This is shown in
Figure 2.24 and Table 2.6. Preliminary (default) parameters are shown also in Table 2.6,

for comparison.

Extremity
(5cm)
Point
Source

>

Whole Body
(30 cm)

Figure 2.23 Calculation Method and Distances to Sources for Radiation Worker during
Actual Mixing (Photo Taken during Dry Run).
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Table 2.5 Preliminary and Final Parameters for Dose Predictions on Mixing Event.

Preliminary Parameters Final Parameters

Whole Body Extremity Whole Body Extremity
Source Type Syringe Syringe Syringe Syringe
Source Distance 30cm lcm 30cm 5cm
Exposure Time 1 min 1 min 1-3s 1-3s
Calculation Gamma Gamma Gamma Gamma
Method C-:onstant C;onstant (_Zonstant (_Zonstant

(Point Source) | (Point Source) | (Point Source) | (Point Source)

Whole Body
(90 cm)

Extremity
(37 cm)

Cylinder
Source

MicroShield®

Figure 2.24 Calculation Method and Distances to Sources for Radiation Worker during
Actual Spraying.
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Table 2.6 Preliminary and Final Parameters for Dose Predictions on Spraying Event.

Preliminary Parameters Final Parameters
Whole Body Extremity Whole Body Extremity
Source Type 3706.7. cm? 3706.7. cm? 462 c'm3 462 c.m3
Fluid Fluid Fluid Fluid
S(?urce 30cm lcm 90 cm 37¢cm
Distance
E?<posure 30 min 30 min 5 min 5 min
Time
Calculation MicroShield® MicroShield® MicroShield® | MicroShield®
Method 3706.7 cm?® 3706.7 cm? 462 cm? 462 cm?
Cylinder Cylinder Cylinder Cylinder

Similar modeling methods implemented in the preliminary dose assessments

were used to model the refined dose rates. To calculate dose rates during mixing, the F-

18 gamma constant was used. For spraying, MicroShield® modeling was implemented

to simulate exposure, shown in Figure 2.25. The source was modeled by a cylinder with

7 cm radius and 3 cm height for a volume of 462 ¢m3. Shielding with non-borated high-

density polyethylene (HDPE) was added around the source (Wall Clad boxed in figure)

and just below the hand (Sh 2 boxed in figure) with 0.5 cm and 2 cm in thickness,

respectively. This was to simulate the weed sprayer’s plastic housing and the cap. The

HDPE had a density of 0.944 g/cm?® with 0.14372 w/o hydrogen and 0.85628 w/o carbon

[35]. The area (Sh 1 boxed in figure) between the source and top shield was air.
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Dimension\|/ Materials\( Source Y Buildup Ylntegration\[/ Title YSensit'wity\
Height |3 Dose X Y z Air Gap 2| Front
i 7
5

0 40 0

; 1
Wall Clad 0.5 i I 2 0 30 0 55| Top
TopClad |0 3 NA Default
4 NA -
5 ource - Auto

x[22]v[w2]z[0 2] zoom (]

Sh 1
[Sh 2
Sh 3
Sh 4
Sh 5
Sh 6
Sh T
Sh 8
Sh 9
5h10

o

Sesee e s ek
@@
EEEEEEN

Units

Centimeters  +

z

Z
Figure 2.25 MicroShield® Modeling of Weed Sprayer Cylinder; Right figure is bottom
view of source.

A sample output of the final adjusted model is shown in Figure 2.26. Note, due to
uncertainties in the exposure times and distances, a range of results were calculated. For
example, the mixer’s exposure to the syringe containing the source could have ranged
from 1 — 3 s. Due to the camera angle, the actual start and end of injection was not easily
delineated from the video recording. This resulted in the estimated dose ranges of 2.0 —

3.5 uSv and 14.3 — 29.3 uSv for the dose to the whole body and extremity, respectively.
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Duration Intake Doserate Dose

{hr) {uci) {mremfhr) {mrem)
= L i S5cm 1.48E+03 1.24E+00
o Post-activation handling 0.00 r
== 30cm 4. 12E+01 3.44E-02
a External a0 2.03E+01 1.69E+HD0
= Distribution em 0.0833333 : :
_g 90 cm 3.83E+00 3.19E-01
= i CEDE 5.42E+01 5.42E+00
= Ingestion
= CDE 5.42E+H01 5.75E+01
z Internal
= i CEDE 5.42E+H01 3.87E+00
S Inhalation
o CDE 5.42E+01 2.19e+01
10% admin
Limit limit Dose % of admin
(mrem) {mrem) (mrem) limit
Sum external Whole Body = DDE 5000 500 0.35 7.07E-02
Sum external Hands = SDE, EXT 50000 5000 2.93 5.86E-02
Sum ing and inh CEDE = CEDE 9.29
Sum ing and inh CDE = CDE 79.40
DDE + CEDE = TEDE 5000 500 9.64 1.93E+00
DDE + CDE = TODE 50000 5000 79.75 1.60E+00

Figure 2.26 Sample Final Adjusted Dose Modeling Results for Radiation Worker.

2.4.2. Exercise Participant

For the Exercise Participant, the parameters are shown in Figure 2.27 and Table
2.7. The OSL on the knee was used to measure and model extremity dose, which was 30
cm from the ground. The OSL on the chest for whole body dose was 100 cm from the
floor. MicroShield® was used to estimate exposure rate, using a 304.8 cm x 304.8 cm
(10 ft x 10 ft) or 9.29 x 10* cm? source plane as shown in Figure 2.28. Preliminary

(default) parameters are shown also in Table 2.7, for comparison.
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Whole Body
(100 cm)

Figure 2.27 Distances of Dosimeters to the Plane Source for Exercise Participant.

Table 2.7 Preliminary and Final Parameters for Dose Predictions on Exercise Participant.

Preliminary Parameters Final Parameters

Whole Body Extremity Whole Body Extremity

Source Tvpe 3.09 x 3.09 x 9.29 X 9.29 X
YP€ | 106 cm? Plane | 106 cm? Plane | 10* cm? Plane | 10* cm? Plane

Source 100 cm 1cm 100 cm 30 cm
Distance
E?<posure 3 hours 3 hours 20 — 24 min 20— 24 min
Time

MicroShield® MicroShield®
304.8 cm x 304.8 cm x
304.8 cm Plane | 304.8 cm Plane

Calculation MicroShield® | MicroShield®
Method Infinite Plane Infinite Plane
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D‘II‘I]EI'ISIOI'Ir Materials \|/ Source Y Buildup YlntegrationY Title YSensitivit_\r\

Width |304.8 Dose X Y z Air Gap 2| Front
Height |304.8 1 1 1524 152.4 1
2 30 1524 152.4 0 _| Top
3 100 1524 152.4 100 Default
4 M4 -
Source | Auto
Sh1 [o s x| 20 %|y|30%)z]0 %] zoom n | Out _mis |
sh2 |0 |
sh3 |0 | v
Sh4 |0 |
Sh5 |0 1 |
Sh6 |0 s
sh7 |0 |
Shg |0 s
sha |0 sl W
sh10 |0 51|
Units
Centimeters
/——-—-._.___X
Zz

Figure 2.28 MicroShield® Modeling for Exercise Participant in Actual Event.

A sample result of the final dose modeling is shown in Figure 2.29. Similar to the
Radiation Worker, ranges of results were obtained due to uncertainties in the exposures.
In this case, the Exercise Participant left the contaminated area several times to retrieve
instruments, etc.; therefore, his exposure time was estimated to have ranged from 20 —
24 min. These values were used to calculate the minimum and maximum estimates,
which led to a dose range of 4.75 — 5.70 uSv and 12.2 — 14.66 uSv for the whole body
and extremity, respectively. Furthermore, instead of using the MicroShield® detector at
1 cm in the preliminary assessment for extremity dose, the detector at 30 cm was used

(Figure 2.28). This was due to not actually having worn a dosimeter 1 cm from the
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ground. The Exercise Participant, however, had an OSL worn at the knee, about 30 cm

from the source plane.

Duration Intake Dose rate Dose
{hr) {uCi) {mrem/hr) (mrem)
- lcm 1.06E+01 4.25E+00
ﬁ — External Exercise 30 cm 0.4 3.67E+HD0 1.466
—_
-E ? 100 cm 1.43E+00 5.70E-01
a8 . CEDE 1.00E+00 1.00E-01
O mn Ingestion
O CDE 1.00E+00 1.06E+00
8 o Internal
a ~— | CEDE 1.00E+00 7.14E-02
35 Inhalation
CDE 1.00E+00 4.03E-01
10% of
10% admin
Limit limit Dose % of 10% of
(mrem) (mrem) (mrem) admin limit
External at 100 cm = DDE 5000 50 0.570 1.14E+00
External at 1 cm = SDE, EXT 50000 500 4.248 8.50E-01
Sum ing and inh CEDE = CEDE 0.171
Sum ing and inh CDE = CDE 1.465
DDE + CEDE = TEDE 5000 50 0.742 1.48E+00
DDE+ CDE=TODE 50000 500 2.036 4.07E-01

Figure 2.29 Sample Final Adjusted Modeling Results for Exercise Participant.
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3. RESULTS AND DISCUSSION

3.1. Radiation Worker
3.1.1. Analysis of Preliminary Modeling Predictions

For the Radiation Worker, preliminary dose assessment modeling values were
well above the actual dosimeter results, with the predictions at > 2o for the whole body
and extremity values (Table 3.1). This provided assurance that the preliminary dose
assessment methodology was a conservative method for evaluating loose contamination
exercise doses and ensured that Radiation Worker exposure will be less than the dose
limit cut-offs discussed in “1.2.1.3 Recommended Isotope Activities” and shown in

Table 3.1.

Table 3.1 Radiation Worker Dose Results and Occupational Dose Limit Cut-Offs.

Whole Body (uSv) | Extremity (uSv)
Preliminary Modeling 90 744
Final Adjusted Modeling 2.8%0.8 21.8+75
Actual Dosimeter 10£2 (OSL) <100 (TLD)
Actual Digital Personal Radiation Monitor 43+04 -
10% of Occupational Dose Limit 5,000 (TEDE) 50,000 (TODE)

Comparing the default preliminary modeling results versus the final modeling
data provided some insight on how sensitive the parameters were on the predictions.
Notably, the preliminary dose assessment predicted much higher whole body and

41



extremity doses, at 90 uSv and 744 uSv, respectively. The source activity was actually
lower for the preliminary model, at 185 MBq versus 200.503 MBq for the final model.
The larger source volume in the preliminary model also decreased the initial predicted
dose. Therefore, these factors did not contribute to the higher predicted dose.

Looking at the whole body dose, the process that contributed most to the
Radiation Worker’s exposure was spraying (distribution). As shown in the modeling
results for the preliminary and final simulations in Figure 3.1 and Figure 3.2, the doses
to the Radiation Worker during spraying (“Distribution”, dark-colored boxes) were an
order of magnitude greater than during mixing (“Post-Activation handling”, light-
colored boxes). Therefore, understanding how the parameters differed during spraying
would explain why the preliminary model estimated higher whole body dose.

Two factors varied between the final and preliminary assessments during
spraying--whole body distance from the source and exposure time. As shown in Table
3.2, preliminary parameters were more conservative by calculating with 1/3 the distance
and 6X exposure time. (Note, the 5 min used to model actual spraying time was in the
conservative end.) Both closer distance and longer exposure time increased the

preliminary whole body dose predictions.
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Duration Intake Dose rate Dose
{hr) {uCi) {mrem/hr) (mrem)
. _ lcm 342E+H04 5. 71FEH2
Post-activation handling 1.67E-02 "

30 cm 3.80E+01 | 6.34E-01
= External 1cm 3.46E+02  1.73EHD2
2 Distribution 5.00E-01 : :

5 30 cm 1.67E+01 | 8.34E+00
Figure 3.1 Preliminary Dose Predictions for Radiation Worker.

Duration Intake Dose rate Dose

{hr) {ucCi) {mrem/hr) {mrem)
= L . Scm 1.48E+03 1.24E+00
] Post-activation handling 8.33E-04 7
== 30cm 4. 12E+01 3.44E-02
a External 40 cm 2.03E+01 1.69E+00
= Distribution 8.33E-02 : -
o 50 cm 3.83E+00] 3.19E-01

Figure 3.2 Final Dose Model Estimates for Radiation Worker Comparing Dose Between

Mixing and Spraying.

Table 3.2 Preliminary and Final Parameters for Dose Predictions on Spraying Event.

Preliminary Parameters

Final Parameters

Whole Body Extremity Whole Body Extremity
Source Tvpe 3706.7 cm? 3706.7 cm3 462 cm? 462 cm?
yp Fluid Fluid Fluid Fluid
S(?urce 30cm lcm 90 cm 37cm
Distance
E?<posure 30 min 30 min 5 min 5 min
Time
. MicroShield® MicroShield® MicroShield® | MicroShield®
Calculation 3 3 3 3
Method 3706.7 cm 3706.7 cm 462 cm 462 cm
Cylinder Cylinder Cylinder Cylinder
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Closer distance and longer exposure time also contributed to the higher extremity
dose estimates in the preliminary model. For the extremity, total dose due to mixing and
spraying were similar; however, the exposure rates were much higher during mixing
(lighter boxes in Figure 3.3 and Figure 3.4). Therefore, understanding how the
parameters differed during mixing instead, would explain why the preliminary model
estimated higher extremity dose. The parameters in the preliminary and final modeling
for mixing are shown in Table 3.3. The variations were in extremity exposure distance
and time, with the preliminary parameters having 1/5 the distance and 20x exposure
time. The above observations that closer distance and longer exposure times increased
dose were intuitive. However, they helped to both validate the accuracy of the modeling
tool and highlight that during the actual exercise, these factors greatly influence dose;
especially when handing the syringe. Controlling these factors will greatly reduce

personnel exposure in future experiments and exercises.

Duration Intake Dose rate Dose
{hr} {uCi) {mrem/hr) (mrem)
- ~ 1lcm 3.42E+04 5.71E+02
Post-activation handling 1.67E-02 r
30 cm 3.80E+01 6.34E-01
= External lcm 3.46E+02) 1.73EHD2
g Distribution 5.00E-01 : d
5 30 cm 1.67E+01 8.34E+00

Figure 3.3 Preliminary Dose Predictions for Radiation Worker Comparing Dose Rates
Between Mixing and Spraying.
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Duration  Intake Dose rate Dose

{hr) {ucCi) {mrem/hr) {mrem)
= o . Scm 1.48E+03| 1.24E+00
@ Post-activation handling 8.33E-04 r
== External 30cm 4. 12E+01 3.44E-02
0
LN
e Distribution 40 cm 8.33E-02 2.03E+01] 1.69E+00
= S0 cm 3.83E+00 3.19E-01

Figure 3.4 Final Dose Model Estimates for Radiation Worker Comparing Dose Rates
Between Mixing and Spraying.

Table 3.3 Preliminary and Final Parameters for Dose Predictions on Mixing Event.

Preliminary Parameters Final Parameters

Whole Body Extremity Whole Body Extremity
Source Type Syringe Syringe Syringe Syringe
Source Distance 30cm lcm 30cm 5cm
Exposure Time 1 min 1 min 1-3s 1-3s
Calculation Gamma Gamma Gamma Gamma
Method (_Zonstant (_Zonstant C_:onstant C_:onstant

(Point Source) | (Point Source) | (Point Source) | (Point Source)

3.1.2. Comparing Final Modeling Estimates with Actual Dosage

Comparing the final modeling results with the actual measurements provided
insights on the accuracy of the assessment methodology. The preliminary dose estimates
were designed to be conservative therefore they had a larger margin of error. Actual
doses should be lower than the preliminary dose assessment for the method to be
acceptable. The final refined model utilized parameters of the actual experiment. The
assessment methodology can be further validated by studying how close the refined

predicted results were to reality. The results are shown again below in Table 3.4 and
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compared with dose limit cut-offs discussed in “1.2.1.3 Recommended Isotope
Activities”. In this experiment, the refined model accurately predicted that the dose

would be well below the dose limits.

Table 3.4 Radiation Worker Dose Results and Occupational Dose Limit Cut-Offs.

Whole Body (uSv) | Extremity (uSv)
Preliminary Modeling 90 744
Final Adjusted Modeling 2.8x0.8 21.8+£7.5
Actual Dosimeter 10+ 2 (OSL) <100 (TLD)
Actual Digital Personal Radiation Monitor 43+04 -
10% of Occupational Dose Limit 5,000 (TEDE) 50,000 (TODE)

3.1.2.1. Whole Body

Final modeling result for the whole body was consistent with dosimetry. The
whole body OSL measurement of 10 £ 2 uSv (20% uncertainty for 95% Confidence
Level) was in the same order of magnitude as the final model estimate, after subtracting
the background reading of 30 uSv. OSL results were also reported in increments of 10
uSv, therefore, the 95% confidence interval may have ranged from 4 — 18 uSv when
+ 20% uncertainty was accounted for. The absolute range for a reported value of 10 uSv
may have ranged from 5 — 15 uSv due to rounding. Subtracting 20% from 5 pSv
provided the estimated minimum value of 4 pSv. Adding 20% to 15 uSv gave the
maximum value of 18 uSv. With the actual exposure range of 4 — 18 uSv, the predicted

dose was 0.4 uSv under and outside 2c of the OSL reading (4 uSv — 3.6 uSv = 0.4 uSv).
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The modeling result was also in the same order of magnitude and 0.3 puSv within 2c
from the digital dosimeter reading (3.9 uSv — 3.6 uSv = 0.3 uSv). Background readings
were OSL results from unexposed members in the building. The consistency between the
refined model and experimental values suggested that the methodology was accurate.

Arriving to the actual whole body OSL measurement of 10 uSv was not as
straight-forward as expected and the experience served as a learning lesson for future
studies. The analytical lab (Landauer) in-fact reported a dose of 40 uSv (4 mrem), about
10X higher than the final model estimate and the digital dosimeter reading. Further
investigations revealed that the laboratory arrived at the net dose not by subtracting the
background reading of a control dosimeter, but by subtracting a “Historical Customer
Average Control Dose”. This “Historical Customer Average Control Dose” was the
typical dose of control OSLs sent from Texas A&M University in the past. Therefore, it
was questionable whether the “Historical Customer Average Control Dose” was
representative of the true background during the experiment.

By having made the further observation that whole body dosimetry results for all
non-exposed members were 30 puSv, the conclusion was that the actual dose to the
Radiation Worker was 30 uSv lower. This was consistent with other detector readings.
The ion chamber having measured 240 puSv/hr at 0.3 m from the source implied that the
maximum dose from the 5 min of total exposure would have been 20 uSv, half of the
reported 40 uSv OSL dose. The readings from the digital personal radiation monitor,
which were zeroed before spraying and verified with post-experimental testing, were

consistent with the ion chamber reading and the modeling results. Therefore, the
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conclusion was that the background dose was 30 uSv higher than the “Historical
Customer Average Control Dose”, and the net dose to the Radiation Worker was
actually 10 uSv. The lesson-learned was the need to carefully scrutinize dosimetry
reports and any experimental results, and that inconsistencies may be indications of

erroneous interpretation of data. (All dosimeter results are shown in APPENDIX C.)

3.1.2.2. Extremity Dose

The finger TLD result was less than the detection limit; and, the strength of
validating the dose assessment method would be greater if TLD readings were above
detection. The reported dose was < 100 uSv, consistent with the model estimate of 21.8
+ 7.5 uSv. However, the lab analysis of TLDs by Landauer had uncertainties of £ 20%
(APPENDIX H) and most likely a wider range at the detection limit, similar to the
OSLs. So, the actual dose to the extremity may have been as high as 120 uSv. Hence,
inference on the validity of the model from a dose below the detection limit is not
conclusive. In future studies, improvements can include implementing more sensitive

dosimeters, which is discussed in “4.2 Low Resultant Dosage”.
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3.2. Exercise Participant
3.2.1. Analyzing Preliminary Modeling Predictions

For the Exercise Participant, preliminary dose assessment was in the same order
of magnitude as the actual dosimeter results, as shown in Table 3.5. OSL results were
reported in increments of 10 uSv, therefore, the 95% confidence interval ranged from 4 —
18 uSv when £ 20% uncertainty was accounted for, as discussed in “3.1.2.1 Whole
Body”. In that case, the predicted dose was within 2c of the OSL reading. This finding
implied that preliminary was accurate. One possible means of improving the preliminary
dose assessment was discovered when the preliminary dose assessment results were

compared with the final model estimates.

Table 3.5 Exercise Participant Dose Results and Occupational Dose Limit Cut-Offs.

Whole Body (uSv) | Extremity (uSv)
Preliminary Modeling 7 15
Final Adjusted Modeling 52405 134+1.2
(30 cm detector)
Actual Dosimeter (OSL) 10+2 <10
Actual Digital Personal Radiation Monitor 33x10 -
1% of Occupational Dose Limit 500 (TEDE) 5,000 (TODE)

The difference between the preliminary and final estimates were expected to be
much greater, considering the seemingly large variations in the parameters used.
Because the preliminary analysis used an infinite plane rather than the actual size of the
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dispersion and an 8X longer exposure time, the dose prediction was expected to be
greater than the final model. The parameters were shown in Table 2.7, and repeated
below. The reason the preliminary estimate was not higher than the final modeling
results was that, in the preliminary model the amount of source was dispersed on >30 X
the area of the final model, reducing the areal density by that proportion. For the
preliminary model, areal density was calculated by dividing the total activity over the
estimated dispersion area of 3.09 x 10° cm?. In the final model, the areal density was
calculated with a similar activity but over only 9.29 x 10* cm?. Therefore, although the
final assessment modeled with an infinite plane and a longer exposure time, the 1/30

reduction of areal density made the estimate similar to the final model.

Table 2.7 Preliminary and Final Parameters for Dose Predictions on Exercise Participant.

Preliminary Parameters Final Parameters
Whole Body Extremity Whole Body Extremity
Source Tvpe 3.09 x 3.09 x 9.29 X 9.29 X
yp 10° cm? Plane | 10° cm? Plane | 10* cm? Plane | 10% ¢m? Plane
Source 100 cm 1¢m 100 cm 30 ¢m
Distance
E?<posure 3 hours 3 hours 20 — 24 min 20 — 24 min
Time
Calculation MicroShield® | MicroShield® MicroShield® MicroShield®
Method Infinite Plane Infinite Plane 304.8 cm x 304.8 cm x
304.8 cm Plane | 304.8 cm Plane

The observation that the preliminary dose assessment was in the same order of

magnitude as the dosimetry results and refined model suggested that the methodology is
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conservatively accurate. One potential method of improving the preliminary assessment
methodology is to ensure that the areal density in the assessment will not be lower than
in the actual dispersion. As discussed in 3.2.1, the reason the preliminary estimate was
lower than expected was the over-estimation in the size of dispersion area. As shown in
Table 3.6, if the areal density were modified to match the actual dispersion, the
preliminary dose assessment results would have been > 10 X the dosimetry results. This

would have provided a more conservative estimate.

Table 3.6 Results of Preliminary Dose Assessment with Areal Density Matching
Experimental Dispersion.

Whole Body (uSv) | Extremity (uSv)
Modified Preliminary Modeling 250 539
Final Adjusted Modeling 52%05 134+1.2
Actual Dosimeter (OSL) 10+2 <10
Actual Digital Personal Radiation Monitor 33x10 -

3.2.2. Comparing Final Modeling Estimates with Actual Dosage
3.2.2.1. Whole Body

Similar to the preliminary dose assessment, the final simulation results for the
whole body were in the same order of magnitude as the OSL readings and the digital
personal radiation monitor (Table 3.7). Therefore, the final modeling estimate for the
whole body was consistent with the actual exposure, which suggested that the

methodology was accurate for the Exercise Participant.
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Table 3.7 Exercise Participant Dose Results and Occupational Dose Limit Cut-Offs.

Whole Body (uSv) | Extremity (uSv)
Preliminary Modeling 7 15
Final Adjusted Modeling 52405 13412
(30 cm detector)
Actual Dosimeter (OSL) 10+2 <10
Actual Digital Personal Radiation Monitor 33x10 -
1% of Occupational Dose Limit 500 (TEDE) 5,000 (TODE)

3.2.2.2. Extremity Dose

Similar to the Radiation Worker, the experimental dose to the Exercise
Participant’s extremity (knee) was less than the OSL detection limit of 10 puSv. This was
consistent with the model estimate when accounting for £15% uncertainty and that doses
were reported in increments of 10 uSv. This meant that the actual dose may have been as
high as 17 uSv (15 uSv x 1.15 = 17.25 uSv), which overlapped with the predicted
dose range. Nonetheless, the impreciseness of an experimental dose that is below the
detection limit made inference on the validity of the model weak. In future studies,
improvements can include implementing more sensitive dosimeters, which is discussed

in “4.2 Low Resultant Dosage”.
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4. LIMITATIONS

4.1. Sample Size

The first limitation of this study was the limited sample size. Although the
modeling results were consistent with the dosimetry results, more experimental data
would make statistical analysis possible--average doses and standard error could be
calculated. In future experiments, having multiple Exercise Participants enter the
contaminated area would be beneficial. Their dosimetry results could help predict the
varying doses that trainees would receive due to their differing duties during an incident
response. Having more than one Radiation Worker perform a small amount of spraying
may not be practical. On the other hand, if the amount of the radioisotope will be high
enough such that the Radiation Worker may be exposed to doses near the dose limit cut-
offs, multiple mixers or sprayers may be possible and necessary.
4.2. Low Resultant Dosage

Another limitation was that several dosimeters received exposures similar or
below background levels. One method to achieve dosage above detection limits would
be to utilize dosimeters with lower limit of detection (LOD). While the LODs of OSL
and TLDs were 100 uSv and 10 uSv, respectively, digital dosimeters worn in the current
study had dose limits down to 0.001 uSv. More of digital detectors can be used to
measure whole body dose in the future. Due to the bulkiness of digital dosimeters, using
them to measure the extremity dose of hands will be more challenging. Unfortunately,

the doses which were below dosimeter detection levels were for the extremity, therefore
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OSLs and TLDs may be the only options. Post-experimental inquiries by the authors
with the analytical laboratory (Landauer) and radiation safety office determined that
special requests for analysis outside the default ranges can be arranged [30] [31]. It is
possible to detect doses down to 0.01 uSv for an additional fee. Since the typical natural
background radiation in the United States is about 3,200 uSv/year or 0.4 uSv/hr, 5 min
exposure of the Radiation Worker and 20 min exposure of the Exercise Participant to
background radiation would lead to about 0.02 uSv and 0.08 pSv of dose, respectively
[36]. Detecting down to the lowest analytical capability of the lab may be useful in the

future.
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5. CONCLUSIONS

The need to properly prepare emergency workers for radiological dispersal
incidents is of paramount importance. The conventional practice of using sealed-sources
and table-top exercises cannot be expected to provide realistic training of detection skills
(such as locating dispersed hot-spots or delineating exclusion zones), contamination
avoidance, and decontamination. The long-term goal of this research is to aid in the
development of safe exercise scenarios that involve unsealed radioactive material. A
dose assessment tool based on the NNSS TRACER program was designed by Texas
A&M University for this purpose in order to estimate the dose to personnel involved in
the training.

The objective of the current project was to validate this tool using the dosimetry
results of an actual dispersion event. The preliminary dose assessment was designed to
conservatively estimate the dose to the personnel involved in the dispersion training, to
ensure exposures were below the cut-off limits. In the tool, the cut-offs were 10% and
1% of federal occupational limit for the Radiation Worker and Exercise Participant,
respectively. This validation study examined the accuracy of the assessment tool and
ensured that preliminary modeled doses were still below set limits. A summary of the

results is shown in Table 5.1 and Table 5.2.
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Table 5.1 Radiation Worker Dose Results and Occupational Dose Limit Cut-Offs.

Whole Body (pSv)

Extremity (uSv)

Preliminary Modeling 90 744
Final Adjusted Modeling 28x0.8 21.8+£7.5
Actual Dosimeter 10£2 (OSL) <100 (TLD)
Actual Digital Personal Radiation Monitor 43+04 -

10% of Occupational Dose Limit 5,000 (TEDE) 50,000 (TODE)

Table 5.2 Exercise Participant Dose Results and Occupational Dose Limit Cut-Offs.

Whole Body (uSv)

Extremity (uSv)

Preliminary Modeling 7 15

Final Adjusted Modeling 52405 13412
(30 cm detector)

Actual Dosimeter (OSL) 10+2 <10

Actual Digital Personal Radiation Monitor 33x10 -

1% of Occupational Dose Limit 500 (TEDE) 5,000 (TODE)

In the actual dispersion experiment used to validate the dose assessment tool the

Radiation Worker injected and mixed 200 MBq Fludeoxyglucose *®F (FDG) with 470 ml

H>0 in a commercial weed sprayer. The solution was distributed evenly overa3 m x 3

m region in 5 min. After 45 min of evaporation, the Exercise Participant entered the area

for a total of 22 min. Actual whole body (WB) doses from optically stimulated

luminescence (OSL) were 10 + 2 uSv for both the Radiation Worker and Exercise

Participant. WB digital personal dosimeter readings were 4.3 £ 0.4 uSvand 3.3 £ 1.0

uSv for the Radiation Worker and Exercise Participant, respectively. Actual extremity
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doses to Radiation Worker’s finger dosimeters were < 100 uSv (minimum detectable
limit), and to exercise participant’s leg OSL was < 10 uSv.

Preliminary dose assessment method was conservative for the Radiation Worker
and conservatively accurate for the Exercise Participant. The predicted Radiation
Worker doses were 90 uSv to the whole body (WB) and 744 uSv to the hand, both > 20
above the actual exposures. The Exercise Participant’s estimated doses were 7 uSv to the
WB and 15 uSv to the knee area, which were in the same order of magnitude as the
actual.

After the method was adjusted to the exercise parameters, predicted doses for the
Radiation Worker doses were 2.8 + 0.8 uSv to the WB and 21.8 £ 7.5 uSv to the hand.
The Exercise Participant’s estimated doses were 5.2 + 0.5 uSv to the WB and 13.4 £ 1.2
uSv to the knee area. Estimated whole body doses were in the same order of magnitude
as the actual doses for both the Radiation Worker and the Exercise Participant.
Comparing estimated extremity dose to the actual value was difficult, due to exposures
having been below detectable limits, however, there were no obvious inconsistencies.

Further experimental data would provide stronger evidence on the validity of the
dose assessment method. Suggested modifications to the procedure included ensuring
that the dispersed area used to calculate the areal density in the preliminary dose
assessment is the same or smaller than the actual dispersion area. More numerous
sample sizes to facilitate robust statistical analysis can be achieved by performing
repeated studies with multiple Radiation Workers and Exercise Participants. To

overcome the challenge of analyzing doses below dosimeter detection limits, more
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sensitive dosimeters could be worn by personnel, such as using more digital dosimeters.
A more practical option for the extremity doses would be to request the analysis and
reporting of lower doses on OSLs and TLDs. Lastly, the full validation of the assessment
tool would include testing the model for internal dose, skin exposure, and accidental
scenarios.

Overall, the dose assessment method has shown so far to be accurate and a
conservative tool to predict doses during designed exercises using unsealed sources.
These findings served as a stepping stone in the goal of creating practical dispersion
training exercises, so that emergency workers will be better equipped to respond

effectively, efficiently, and safely during future radiation incidents.
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APPENDIX A

MICROSHIELD AS SIMULATION SOFTWARE OF CHOICE

NNSS’s TRACER and Cochran’s dose assessment method required the use of
simulation software to estimate external exposure, and MicroShield® was chosen for
this purpose. Other well-established and flexible modeling software such as Monte Carlo
N-Particle (MCNP) and GEANT4 could be utilized to accurately simulate the exposure
during these exercises. However, MCNP’s being an export-controlled code and the
requirement of having an expert user for both programs made them less practical for the
current project [37] [38].

Instead, MicroShield® was the preferred software for several reasons. First,
federal agencies and industries have relied on this software since 1993 to perform dose
and shielding assessments; including for contaminated waste sites, decommissioning,
truck accidents, and emergency planning [39] [40] [41] [42] [43] [44]. Although
experimental validation studies have not been directly performed for RDD, it has been
shown to agree with numerous other codes including MCNP, in settings that include
uranium ores and sealed sources [45] [46].

MicroShield® regularly updated its program through periodic software revisions,
according to International Commission on Radiological Protection (ICRP) dose
conversion factors [47]. The current revision was MicroShield® v12. This software

utilized a deterministic (point kernel) method to quickly calculate dosages [48]. It had a
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Graphic User Interphase (GUI) to help easily simulate various scenarios and allowed

customization of shielding and radiation sources.
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APPENDIX B

PERSONAL RADIATION MONITOR VERIFICATION DETAIL

As discussed in “2.3.1 Measurements”, to verify the accuracy of the readings the
personal digital dosimeters were checked using a calibration standard after the
experiment. Using a panoramic irradiator and a known source (Calibration chart shown
in Figure 6.1), the digital personal dosimeters were tested near the same exposures as the
readings acquired during the dispersion. An example procedure is as follows.

The Exercise Participant’s UltraRadiac™-Plus alarm dosimeter had a reading of
“0.350 mR” during the 22 May 2019 dispersion. On 24 May 2019, the detector was
placed on the carousel, 60 cm from a known 4,440 MBq (120 mCi) Cs-137 source. With
the corrected dose rate of 1.763 mR/min and exposure time of 0.23 s, the actual dose was
0.405 mR. The detector read 0.440, 0.411, 0.424 mR in three separate readings. Taking

the average reading of 0.425 mR, the correction factor (CF) was estimated to be

Actual Dose
CF

~ Detector Reading

_ 0.405mR
"~ 0.425 mR

= 0.95
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Then, the corrected dose from the dispersion event was found by applying the

correction factor to the average reading.

Corrected Reading = CF * Detector Reading
= 0.95 % 0.350 mR

= 0.33mR

Finally, the Exercise Participant had two digital dosimeters. The corrected reading from
the more accurate meter (CF closer to 1) was used, i.e., readings from the

UltraRadiac™-Plus was reported rather than his Ludlum M25-1, which had a CF of

0.72.
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Figure 6.1 Calibration Chart of Known Source Used for Checking Digital Dosimeters.
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APPENDIX C
DOSIMETER RESULTS
Below is a summary of dosimetry results and reports from the analytical lab. Note, the reported dosages were in mrem.
The following personnel were not exposed to the contamination and received negligible doses: Manager, Veterinarian,
Counter, and Administrator. Urine bioassays were obtained for the Radiation Worker and Exercise Participant, and results

were comparable to pre-exercise bioassays.

OSL Results . TLD Rings |Digital Alarm| _.
Personnel OSL Badges (Deep Dose, uSv) TLD Rings (Shallow, uSv) Sv) Bioassay | Results
Receiver 1 whole body (Spare 1, VV) 10 1 hand (2499 257SV) 370 None
Radiation Worker 1 whole body (M1, WB, Spare 2) 10 1 hand (2499 247SX) <100 4.3 Urine  |Negligible
1 trunk (M2, T, waist, Spare 3) 20 1 hand(2499 248SW) <100
1 leg (M3, L, knee, Spare 4) 10
Exercise Participant 1 whole body (C1, WB, Spare 5) 10 1 hand (2499 253S2) <100 &3 Urine  |Negligible
1 leg (C3, L, knee, Spare 7) <10 1 hand (2499 256SW) <100
Manager 1 whole body (C2, T, Spare 6) <10 None None
Veterinarian 1 whole body (M4, WB, Spare 8) <10 L hand (2499 254SY) No results None
R hand (2499 251SI) No results
Counters 1 whole body (J1, WB, Spare 9) <10 1 hand (2499 245S7) <100 None
Technician 1 whole body (T1, WB, Spare 13) 10 1 hand (2499 250S2) <100
Administrator 1 whole body (G1, WB, Spare 14) <10 1 hand (2499 249SV) <100
1 hand (2499 255SX) <100
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APPENDIX D

RADIATION UNITS

Radiation Unit Conversion
For the investigation, the conversions from British to International System of

Units (SI) were the following
1rad = 0.01 Gy
1rem = 0.01Sv
And, the following were assumed for calculating absorbed dose in soft tissues from
photon exposure (strictly speaking, the relationship should be closer to 0.95 [49]).
1roentgen = 1rad
Dose Equivalence Calculations
For dose equivalence, the Quality factor (Q) or Radiation Weighting Factor
(w,.) for photon was one, per International Commission on Radiological Protection
(ICRP) 30 and ICRP 60 [50] [51] [49, p. 363]. Therefore,
H=0QD
lrem = 1rad

1S5v =1Gy

Where
H = Dose equivalent [ rem or Sv]

Q = Quality Factor
D = Absorbed Dose [rad or Gy]



APPENDIX E

FLUORINE-18 NUCLEAR DATA AND DETECTABILITY

Fluorine-18 is a radioisotope which decays to a stable oxygen-18 daughter with a
half-life of about 110 min, and primarily by g* (positron) emission (Branching ratio ~
0.97) with some probability of electron capture (Branching ratio ~ 0.03). Each positron
would annihilate to two 511 keV photons. The simplified decay scheme and Evaluated
Nuclear Structure Data Files (ENSDF) Decay Data in the MIRD Format are shown in
Figure 6.2 and Figure 6.3, respectively. For the purpose of the current project, F-18 was
assumed to decay purely by positron and instantaneously annihilate to two photons.
Unless otherwise stated, analysis was based on that the source emitted two 511 keV

photons per decay, with the overall angular distribution being isotropic.

9 F 18 (109.728 m) 656

1.022 MeV

/1.656 MeV

/' 3.14%

0.634
;.f B+
/0.634 MeV
_, /96.86%
¥ ¥
8 O 18 (stable)

Figure 6.2 F-18 Decay Scheme of F-18 [52].

0.0
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y(i) E(i)
Radiations (Bg-s)'! (MeV) y(A)*E(i)
p+ 1 9.67x10°01  2.498x1001*  2.42x]100!
v 1.93 5.110x10°1  9.89x1001
K X-ray 1.80x10794  5.249x10°04*  9.42x]0708
K X-ray 4.74x10712 5.000<10°04*  2.37x10°1>
Auger-K 3.07<10°2  5.200x10°9%*  1.60x109>
Listed X, v, and y~ Radiations 9.89x1001
Listed P, ce, and Auger Radiations 2.42x107°!
Listed Radiations 1.23
*  Average Energy (MeV).

Figure 6.3 ENSDF Decay Data in the MIRD for F-18 [53].

Fluorine-18 shares nuclear characteristics with cesium-137, a radioisotope listed
for its potential use in a RDD attack [26]. This also made F-18 a favorable candidate in
radiation training by acting as a surrogate RDD isotope, so to speak. Both F-18 and Cs-
137 emit characteristic mid-range energy photons (551 keV and 661.7 keV,
respectively), which can be located and identified with Radioisotope Identification
Devices (RIIDS), such as the BNC 940 SAM Eagle (Table 6.1). Not all RIIDs will
contain F-18 in their nuclide library, however; since it is not listed as a required isotope
in the ANSI N42.34-2015 “American National Standard Performance Criteria for
Handheld Instruments for the Detection and Identification of Radionuclides” shown in

Table 6.2. Decay scheme of Cs-137 is shown in Figure 6.4.
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Table 6.1 BNC 940 SAM Eagle Nuclide Library (Trigger List) [54].

F18
K40
Co57
Co60
Gab7
Tc99m

In111
123
125
[131
Ba133

Cs137

Ir192
TI201

Ra226
Th232

U233
U235

Np237
U238

Pu239
Am241

Table 6.2 ANSI 42.34 Required Radionuclide Identification Library for RIIDS [55].

241Am 137CS 40K 232Th D[I
133Ba 67Ga 99111TC 235[] HEI_J
57C0 1311 201T1 238(} W(IPU
“Co 921 2Ra B9py RGPu
0514 _ 5? Cs 137(30_‘08 a) 1176
\B \ B N BT
\0.514 MeV \1.176 MeV . 0.892 MeV
\94.7% \ 5.3% . 0.0006%
\ \ \
\56 Ba137m ' ‘
0.0 - \ 0.662
; 2552m \
ce | | IT 662 keV \ ,
ot 0.11 ! 0 \ —— 0.284
T : 85.1% \\ 284 keV
; \ 0.0006%
. \ 0.0
56 Ba 137 (stable)

Figure 6.4 Cs-137 Decay Scheme [56].

82




APPENDIX F

PRE-EXPERIMENTAL PREPARATION

Prior to the experiment, equipment and the area had to be prepared. The intended
contamination area was prepped to simulate a debris area (Figure 6.5). The 3m x 3 m
contamination area was pre-taped and objects such as tires, buckets, crates were placed
to create a “rubble pile”, then a garden duster (Figure 6.6) was utilized to create a layer
of corn starch to simulate a dusty environment. A weed sprayer was prefilled with
470 ml (2 cups) of tap water. Decontamination line was also setup (Figure 6.7). A survey
team with a mechanically cooled High Purity Geranium (HPGe) detector was stationed
> 50 m from the room entrance (Figure 6.8). Filters from the Radiation Worker and
Exercise Participant were surveyed with the goal of estimating internal dose from the
activity levels. HVAC was set at negative pressure and four air exchanges per hour to

limit the release of radiation to the environment.

Figure 6.5 Photo of Area to be Contaminated Shown with Debris.
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Figure 6.8 Survey Tem Located at End of Hall during Experiment.
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APPENDIX G

OTHER CONSIDERATIONS (FINITE VERSUS INFINITE PLANE)

One question during the investigation was “When would an infinite plane
provide a reasonable estimate of the exposure?” This could be predicted by plotting the
fluence ratio between an infinite source versus finite disk sources of various radii, a
technique described by Isaksson [57].

Uncollided fluence at a point in a homogeneous attenuating medium from an
infinite isotropic plane source can be estimated by the following equation [58, p. 166]

[57] and Figure 6.9.
bp = 2 E1 (uh) Equation 2

Where

¢, = Fluence at a point p from an infinite plane [mzy s]

Sy = Gamma flux density at source [mz s]

)
—-xt

dt

e
E;(x) = Exponential Integral = f
1

Ug = Linear Attenuation in Air [cm™!]

h = Height of point p from the plane [cm]
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[

Figure 6.9 Infinite Plane Source Diagram for Theoretical Calculation.

Calculation was done with a height 100 cm, density of air was p, = 1.205 X
1073 g/cm?® and p, was the “total minus coherent coefficient” u in Shultis [58]. For 511
keV u, = 10.38 x 107° cm™1 (interpolated). In this case, u h = 10.38 x 1073 and
the Exponential Integral was E; (u,h) = 4.0006 [59]. For the uncollided fluence at point
p in a homogeneous attenuating medium from finite isotropic disk source shown in

Figure 6.10, the fluence could be estimated with the following equation [58, p. 189] [57].
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by =4 [El(.uah) —E (#ah )] Equation 3

cosa

Where

.N _ 3 4
¢p = Fluence at a point p from a disk source [mz : s]

Sa = Gamma flux density at source [m;/ S]

co
—-xt

dt

e
E;(x) = Exponential Integral = f
1

Ug = Linear Attenuation in Air [cm™1]
h = Height of point p from the plane [cm]
a = Angle as shown in Figure 6.10 [radians]

r = Radius of the disk source [cm]

Figure 6.10 Finite Disk Source Diagram for Theoretical Calculation.
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Then, for the same flux density S,, which correlates with the areal density of

contaminated surface, the fluence ratio is

oy _ . E(E2)

s XS Equation 4

A plot of the variation in fluence ratio with varying angle o is shown in Figure
6.11. The ratio asymptotically approached 1 near r = 22,900 cm. This correlated with a
disk area of 1.65 x 10° cm?. The dispersion areas of preliminary and actual
experimental contamination were 3.09 x 10° cm? and 9.29 x 10* cm?, respectively. In
fact, for the experimental contamination area, Equation 4 predicted that modeling with
an infinite plane would over-estimate the exposure by about 5X. This was consistent

with MicroShield®, where the ratio was 5.9, as shown in Table 6.3.

Fluence Ratio (Infinite plane/Disk)
1000

100

inf/disk ratio in Log Sacle

10 . 2.29E+04,
‘. 1.007E+00
° L
1 e ® o ve
7 4 7 < 7
o % 000 90% 00000

Disk Radius (cm) in Log Scale

Figure 6.11 Plot of Fluence Ratio versus Radius of Disk Source.
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Table 6.3 Comparing Dose Rates by MicroShield® Modeling with Finite versus Infinite

Plane (uSv/hr).
Detector Distance lcm 30cm 100 cm
(Whole Body)
Finite Plane 106.2 36.7 14.3
Infinite Plane 179.7 108.5 83.5
Ratio 1.7 3.0 5.9

Some unexpected results were observed when finite plane dose rates were
compared with infinite dose rates using MicroShield® for various planes sizes and
constant areal density. Dose rate from finite plane modeling with the disk area of 1.65 x
10° cm? was expected to approach the infinite plane using the analytical method
(Equation 4). The exposure rate of the finite plane using MicroShield® however was
102.2 uSv/hr, greater than for the infinite plane (83.5 uSv/hr). This was surprising, for
estimation from a finite plane was not expected to exceed that of the infinite plane, for
the same areal density. This discrepancy was due to the differing algorithm
MicroShield® uses for finite versus infinite planes. Per MicroShield® manual for
infinite plane, the dose rate is solved analytically, but the finite plane uses the point-
kernel method [48].

To gain a more better understanding of this discrepancy and when the predictions
of finite planes approached that of an infinite plane in MicroShield®, a plot of dose rates
versus square-plane areas was generated--for finite and infinite planes as shown in
Figure 6.12. For a constant areal density equal to the calculated value from the

experiment (2.158 x 103 Bq/cm?), as the area increased the dose at 100 cm using
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finite plane model increased toward the prediction using the infinite plane method. At
around 1.03 x 108 cm?, the finite plane dose rate matched the infinite plane. However,
thereafter, the results were counterintuitive, where the finite plane calculations surpassed
the infinite plane prediction, then actually dropped after 1.65 x 10° cm?. For a constant
areal density the decrease in dose rate with increased area was an incorrect prediction of
reality. One possible reason for these unexpected results was that when the point-kernel
method was used for areas > 1.65 x 10° cm?, the contribution from each kernel may be
too low to be stored in the floating-point numbers [60]. This led to the summing of zeros

from each kernel.

MicroShield Finite Plane Dose Rate Predictions

120 1.650E+09, 102.200

100 1.03E+08, 85.70(?//‘\

Z 80
60
é
; —e—MicroShield Finite Plane Dose
A 40 Rate (uSv/hr)
Infinite Plane Dose Rate
20

Plane Area (log cm”2) in Log Scale

Figure 6.12 Plot of MicroShield® Finite Plane versus Infinite Plane Dose Rates.
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In Summary, for the areal density of interest, MicroShield®’s finite plane
predictions approached that of its infinite plane calculations when the square plane area
was near 1.03 x 108 cm?. This correlated with the length of the square of around 10,000
cm (100 m). That is, for plane sizes less than that area, the infinite plane method might
have been overly conservative, with the expected magnitude correlating with the fluence
ratio plotted in Figure 6.11, above. Furthermore, for a square plane of area > 1.65 %
10° ¢m?, or with the length of > 20,000 cm (200 m), the finite plane method using
MicroShield® may be inaccurate. Nonetheless, the validity of these predictions would
require more experimental data. For this study, though, MicroShield® prediction
appeared to provide accurate representation of the exposure for the 304.8 cm x 304.8 cm

plane F-18 was actually dispersed.
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APPENDIX H

DOSIMETRY UNCERTAINTIES AND MINIMUM DETETION LIMITS

Figure 6.13, Figure 6.14, and Figure 6.15 were responses to inquiries on
uncertainties of the dosimeters and lower detection limit that can be requested on the
analysis of OSLs and TLDs. These may be useful for planning for future experiments to

facilitate readings at doses lower than the LOD in the current project.

GENERAL QUESTIONS / luxel saturn Request # (49092

2 messages

LDR_Landauer_Customer_Service_Records <CUSTTECH@landauer.com> Wed, Mar 20, 2019 at 12:16 PM
To: "chen0378@tamu.edu” <chen0378@tamu.edu>

The accuracy of the Luxel + dosimeter is +/- 15% at the 95% confidence interval for photons about 20 keV and
beta particles above 200 keV.

Resolution: || The precision of the Luxel + dosimeter is +/- 2 mrem

03/20/2019
The accuracy of the Saturn ring dosimeter is +/- 20%

Figure 6.13 Uncertainties of OSL and TLD per Landauer Customer Service.

On Fri, May 10, 2019 at 8:12 AM =custserv@landauerinc.com> wrote:
Hello,

Thank you for contacting LANDAUER Client Services.

The minimum dose we can detected is 0.001 mRem but we will report anything less than 1 mRem as M for minimal. There are no
additional fees pertaining to analysis it is included in the dosimeter pricing. To obtain a quote please contact our new accounts
department at 800-300-0735.

Thank you,
LANDAUER Client Services
Maxine

Figure 6.14 Response From Landauer on Requesting Lower Detection Limits on OSL
and TLD.
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On Wed, May 8, 2019 at 12:34 PM Phillips, Derek L <dphillips@tamu.edu> wrote:
Sir,

I had mentioned to Dr. Marianna that Landauer has produced a report for me in which the measurements were reported to
three decimal places for an extra charge. At the time | also inquired about the +- 2Zmrem precision for the OSL badges, but
they did not respond to that question. Are we looking at asking for additional information for the past dosimetry badges or at
future measurements?

Derek
Derek Phillips | Associate Health Physicist
Environmental Health and Safety | Texas A&M University

4472 TAMU | College Station, TX 77843-4472

ph: 979.845.5868 | fax: 979.862.7304 | dphillips@tamu.edu

Figure 6.15 Response from Radiation Safety on Requesting Lower Detection Limits on
OSL and TLD.
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APPENDIX |

MCNP MODELING

Instead of calculating exposure rates with MicroShield®, other modeling
software could be utilized. Table 6.4 and Table 6.5 are the results when MCNP was used
for the final (refined) dose assessment. The MCNP codes and visedX visualizations are
shown below. Notably, the dose prediction ranges between MicroShield® and MCNP
using point detectors overlapped, therefore were statically equal. The predictions using
point detectors were also in the same order of magnitude as the whole body dosimetry
results. On the other hand, MCNP estimates using Phantom with Moving Arms and Legs
(PIMAL) were lower than MicroShield®. For the whole body, PIMAL estimates
compared with MicroShield® was an order magnitude lower for the Radiation Worker
and ~ 50% less for the Exercise Participant. Compared with actual dosimetry, PIMAL
estimates was an order magnitude lower for the Radiation Worker and in the same order
of magnitude for the Exercise Participant. Therefore, MCNP using point detectors is a
reasonable alternative for modeling exposure rates in future assessments, due to its

consistency with MicroShield® and dosimetry in this investigation.
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Table 6.4 Radiation Worker Results Compared with MicroShield® and MCNP

Predictions.
Whole Body Extremity
(nSv) (1Sv)

Actual Dosimetry 10 £ 2 (OSL) <100 (TLD)
Digital Dosimeter 43+04 -
MicroShield® 28+0.8 218%+75
MCNP Point Detector 25+0.7 21.0+7.3
MCNP PIMAL Phantom (Male) 05+0.3 N/A

Table 6.5 Exercise Participant Results Compared with MicroShield® and MCNP

Predictions.
Whole Body | Extremity
(nSv) (nSv)

Actual Dosimetry 10+£2 (OSL) | <10 (OSL)
Digital Dosimeter 33x10 -
MicroShield® 5205 134+1.2
MCNP Point Detector 6.0+0.5 153+14
MCNP PIMAL Phantom (Male) 2.7+0.2 N/A
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MCNP with Point Detectors

MCNP Code and VisedX of Radiation Worker Exposure During Spraying (Cylinder

Source)

Dose Rates above cylinder of F-18

C Cell Cards

10100 -1 -10 20 -30 imp:p=1 $Source in water

20 300 -0.001205 -10 30 -40 imp:p=1 $Space above source
30200 -0.944  (10: -20: 40)
(-50 60 -70)  imp:p=1 $HDPE

40 0 (50: -60: 70)-100 imp:p=1 $Outside source and space above;
where detectors are

50 0 100 imp:p=0 $Outside world

C Surface Cards

C Source, origin is mid-height

10Cz 7 $Cylinder, source outer wall, shield inner wall

20Pz  -15 $Bottom of Source

30 PZ 15 $Top of Source

C Space above source

40PZ 315 $Top of space

C Shielding

50 CZ 7.5 $Shield outer wall
60PZ -20 $Bottom of shield
70PZ 335 $Top of shield

C Qutside World

100 SO 150

C Data Cards

Mode p

SDEF Cell=10 POS=0 0 0 RAD=D2 AXS=0 01 EXT=D3 ERG=0.511
C Radius of sources

SI2 07 $From r=0 to max radius
Sp2 -211 $Uniform distribution
C Height of sources

SI3 15 $Extend both ways at this
SP3 -210 $Uniform distribution

C Materials

M100 1001 0.666657 $H20; Hydrogen
8016 0.333343 $Oxygen

M200 1001 0.666662 $HDPE
6000 0.333338
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M300 6000 0.000150 $Air (Dry, Near Sea Level)
7000 0.784431 $Density -0.001205
8000 0.210748
18000 0.004671
Fo;p 0 0 3850 $Point detector closer one
0 0 8850 $Point detector farther one
FM5 4.01006E+8 $Gamma emissions/sec; 2 gammas per decay
C Convert flux to dose rate
DE5 log0.01 0.015 0.02 0.03 0.04 0.05 0.06
008 01 015 02 03 04 05
06 08 10 15 20 30 40
50 6.0 8.0 10.0
DF5 log 2.78e-6 1.11e-6 5.88e-7 2.56e-7 1.56e-7 1.20e-7 1.11e-7 $ICRP-21, 2013
MCNP6 manual Table 11-2
1.20e-7 1.47e-7 2.38e-7 3.45e-7 5.56e-7 7.69e-7 9.09e-7
1.14e-6 1.47e-6 1.79e-6 2.44e-6 3.03e-6 4.00e-6 4.76e-6
5.56e-6 6.25e-6 7.69e-6 9.09e-6
fC5 **********Dose to CUbe |n rem/hr*************
NPS 100000

I~ suf [16
[ Unused
I~ cet[1s’

Figure 6.16 VisedX Visualization of MCNP Using Point Detectors for Cylinder Source
during Spraying by Radiation Worker.
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Figljre 6.17 VisedX Visualization of MCNP Using Point Detectors for Cylinder Source
during Spraying Showing Isotropic Distribution.
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MCNP Code and VisedX Exercise Participant Exposure (Plane Source)

C Cell Cards

101001 -2.3 -10 20 -30 imp:p=1 $Base

20 0 (10: -20: 30) -100 imp:p=1 $Detector region, 1/4 mfp in air is
2401 cm

30 0 100 imp:p=0 $Outside world

C Surface Cards

C Infinite Plane

C *kkhkkkkhkkhkkikkhkikkkikk Change W|th dlﬁerent Plane SIZG *hkkkhkhkkikkikhkiikk
10Cz 300 $Concrete Base

20PZ  -25

30 PZ 25 $Plane at origin, where source emitting from

C OQutside World

C *hkkkkhkkkkikkkikkikkkikikk Change Wlth dlfferent Plane SIZE *hkkkkhkkkkikkkikik
100 SO 500

C Data Cards
Mode p
SDEFPOS=000 X=D1 Y=D2 Z=25.0001 ERG=0.511
C Source just above surface, so VisEd shows tracks
C *hkhkkkhkhkkkhkhkkkhkhkikiikk Change Wlth dlfferent Plane SIZE *hkkkhkhkkikikhkiikkhk
SI1H -152.4 152.4 $X-spand
SP1D 0 1
SI2H -152.4 152.4 $Y-spand
SP2D 0 1
C Materials
M1001 1000 0.305330 $Concrete, Ordinary (NIST)
6000 0.002880 $Density -2.3 g/cc
8000 0.500407
11000 0.009212
12000 0.000725
13000 0.010298
14000 0.151042
19000 0.003578
20000 0.014924
26000 0.001605
M1002 6000 0.000150 $Air (Dry, Near Sea Level)
7000 0.784431 $Density -0.001205 g/cc
8000 0.210748
18000 0.004671
M1003 1000 0.630454 $Tissue, Soft (ICRP)
6000 0.117588 $Density -1.0
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7000 0.010804
8000 0.239601
11000 0.000299
12000 0.000033
15000 0.000261
16000 0.000377
17000 0.000230
19000 0.000310
20000 0.000035
26000 0.000005
30000 0.000003
C Detector
Fo;p 0 0 26.00 $Point detector closest
0 0 5500 $Point detector mid dist
0 0 12500 $Point detector farthest

C
FM5 4.01E+08 $Gamma emissions/sec; 2 gammas per decay

C Convert flux to dose rate
DE5 log 0.01 0.015 0.02 0.03 0.04 0.05 0.06
0.08 01 015 02 03 04 05
06 08 10 15 20 30 4.0
50 6.0 8.0 10.0
DF5 log 2.78e-6 1.11e-6 5.88e-7 2.56e-7 1.56e-7 1.20e-7 1.11e-7 $ICRP-21, 2013
1.20e-7 1.47e-7 2.38e-7 3.45e-7 5.56e-7 7.69e-7 9.09e-7
1.14e-6 1.47e-6 1.79e-6 2.44e-6 3.03e-6 4.00e-6 4.76e-6
5.56e-6 6.25e-6 7.69e-6 9.09e-6
fc5 **********Dose to Cube |n rem/hr*************
NPS 1E6

i

| = NS
Figure 6.18 VisedX Visualization of MCNP Using Point Detectors for Exposure of
Exercise Participant to Isotropic Plane Source.
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MCNP with PIMAL

MCNP Code and VisedX of Radiation Worker Exposure during Spraying (Cylinder

Source)

(Due to the length of the PIMAL code it was omitted; but is available upon request)

[

Figure 6.19 VisedX Visual_iizzﬁcm of I\/ICNP_Using PIMAil__Tor Cylinder Source during
Spraying by Radiation Worker.
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Figure 6.20 VisedX Visuali-iatiion of MCNP Using PIMA_L fbr Cylinder Source during
Spraying Showing Isotropic Distribution.
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MCNP Code and VisedX Exercise Participant Exposure (Plane Source)

(Due to the length of the PIMAL code it was omitted; but is available upon request)
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Figure 6.21 VisedX Visualization of MCNP Using PIMAL for Exposure of Exercise
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