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Electron Dosimetry Theory



Electron Interactions

* As energetic electrons pass through material, they transfer energy
* primarily via “soft collisions”, i.e., Coulombic interactions
* or, “hard” collisions with orbital electrons

* Energy loss is a function of KE & charge density

* Energy loss can result in:
 excitation — characteristic X-rays
* jonization — scattered energetic electrons
* Bremsstrahlung (>1 MeV electrons) — low-energy photons

* Scattered electrons may produce additional ion pairs
* e.g., clusters, delta rays, further excitation/ionization



Range-Energy Observations

* Electrons lose energy via tortuous paths
* Electron range (penetration depth) increases with increasing energy

* Linear range is largely dependent on electron density of the absorber
atoms

* And, to a lesser degree, range is a function of Z
* result has practical implications for shielding
* density thickness (mg/cm?) is best indicator of electron range
* important tissue depths = 7, 100, 300, 1000 mg/cm?



Range-Energy Relationship for Electrons
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Advantage of Density Thickness
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Electron Track Simulation
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Electron Point-Kernel Dosimetry

As with photons, the point-kernel method can be used for mono-

energetic electron dosimetry in which dose is integrated over all source
and receptor points:

E Iy

G(r,E)= F(r/r,,E) r

4rr pr,

The function F(r /1y, E) is a “scaled absorbed dose distribution” (essentially a
normalized Bragg curve) that is dependent on the electron initial energy and the

fraction of maximum range (r,/r,) that the electron has achieved by the time it
reaches the dose location.



Scaled Absorbed Dose Distributions

The factor F(r/r, E) is shown for electrons of energy E, and for beta
particles of distributed E, normalized over their maximum range, r,
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Fundamentally ...

* Point-kernel method employed
e Source on skin surface

* Dose calculated to a given
averaging area at the user-
specified depth

* Energy absorption based on
calculated stopping power at depth

Source




Symmetric-Source Dose Calculation

* Original VARSKIN begins at the center dose point of the irradiation area
* The code divides the source into very small sub-volumes (source points)

* The number of source points chosen is sufficient for convergence (checked
along the way)

Elevation Source Points (8)

Angular Source Points (8)

, R x=""
Radial So&ce Points (8

Dose area at the skin depth level

Dose points (60)



Density Correction Model
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Electron Dosimetry Theory

Advanced Scaling Parameters




Methods: Scaling Model

* Using EGSnrc Monte Carlo simulations:

* Homogeneous point-source DPK’s for water at 0.01 MeV
< E <8 MeV (30 energies)

* Non-homogeneous point-source DPK’s for 7.42 < Z< 94
(18 solid elements) at 0.01 MeV < E <8 MeV

e water absorption sphere
* radii varied between 5% to 110% of the X,, value

Absorption Sphere




Energy Depostion Fraction

Scaling Model
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* 1 MeV electron DPK’s for the case of a homogenous medium (water)
and the case of a non-homogeneous medium (for example, air over
the skin with a source material of iron)



Energy Depostion Fraction

Scaling Model

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.00

Depth Scaling

——Homogenous

Non-Homogenous

0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4

Skin Depth (cm)

1 MeV electron DPK’s for the case of a homogenous medium (water)
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the skin with a source material of iron)
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Volumetric Beta Dose vs Source Z
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Electron Dosimetry Theory

Backscatter Correction




Original Backscatter Determination

Air (p =0.001 g/cm3)

Isotropic Source

Dosimetry Zone Dosimetry Zone

Tissue (p = 1 g/cm?) Tissue (p =1 g/cm3)




New Backscatter Model

e Point-source planar dose profiles for water, air, and 7.42 < Z< 94
scattering media at 0.01 MeV £ E < 8 MeV using EGSnrc Monte
Carlo simulations

* Dose averaging areas of 1 and 10 cm?

* Normal depths every 1 mg cm2 (up to 1000 mg cm2)

Scattering Medium (“infinite” thickness) Cylindrical Dose Planes
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Point-Source BSCF

Source Scatter Correction: *°Y/?'Sr f-

1.60 O (8) - Mangini
® O(8)-Lee
1.50 e A (13) - Mangini
) ® Al(13)-Lee
s T1 (22) - Mangini

L 140 ® Ti(22)-Lee
2 —— Pt (78) - Mangini
:s 130 ® Pt(78)-Lee
<
=
@

1.20

D
1.10 2 o )
e o &
(Wweoeooooe o
1.00 = —

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700
Normal Depth (cm)



Scatter Scenarios

* Source scatter for top/bottom of source

e Source scatter for sides of source

* Air scatter for top/sides of source




Scatter for Top/Bottom of Source




Scatter for Top/Bottom of Source

Beta-Particle Source Point
Range




Scatter for Top/Bottom of Source




Air Scatter for Top/Sides of Source

Source Point

Air




Air Scatter for Top/Sides of Source

Source Point




Volumetric BSCF

BSCF's for Uranium Oxide Slabs: 3P f-
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SUMMARY

* Electron Interactions --> Electron energy distribution
* Energy scaling model

* Range scaling model

e Backscatter correction factors

* Numerical Integration of Dose-Point Kernels
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Photon Dosimetry Theory



Interaction Fundamentals

 Photon interactions are ‘semi-random’ events
* Photons generally interact with orbital electrons

* Interaction probability is governed by:
* material (Z, electron density)
* photon energy (E)

* ...and is described by an interaction coefficient

* Principal mechanisms of interaction include (by increasing
energy):
* Thomson/Rayleigh scatter (no E transfer)
photoelectric
Compton scatter
pair production
photo-disintegration (very high E)



Attenuation

e Attenuation is exponential and governed by the Beer-Lambert law
* Photon intensity never reaches zero

* Photon attenuation can be described by:

[=1]¢e"™

|, = photon intensity (flux) prior to material

| = photon intensity after material

X = material thickness

u = interaction coefficient (probability of interaction by any mechanism)

* For dosimetry considerations, coefficients are often necessary to describe the
probability of interaction resulting in energy absorption

* referred to as mass absorption coefficient, with units of area per unit mass



Energy Transfer - KERMA

* Kinetic Energy Released in Matter
* Has units of energy per unit mass of material (J/kg, but not Gy)

 KERMA is directly related to:
* the average energy transferred to material as a result of that interaction;
* uncollided photon fluence; and
* the probability (per unit density thickness) of a photon interaction.




Energy Absorption - Dose

* “Absorbed Dose” also has units of energy per unit mass (J/kg or Gy)

 Different from KERMA in that the energy is absorbed (rather than simply
transferred)

* DOSE is directly related to:
* the average energy absorbed in material as a result of that interaction;
* uncollided photon fluence; and
* the probability (per unit density thickness) of a photon interaction.

D=EF -®



Relationship Between KERMA and Dose

K=E_ -D,-

%= probability per unit mass that energy is transferred to charged particles

Uen _

= probability per unit mass that energy is absorbed locally

For low-energy photons, nearly all of energy transferred is deposited locally,
therefore, KERMA is insignificantly different than absorbed dose

D =K -Len
qu‘r

For a given photon energy, and once “charged-particle equilibrium” is established:




Charged-Particle Equilibrium

* Using a transfer coefficient, KERMA is easily estimated from photon
flux

* Dose, as a function of depth, must then be determined from a
conversion of KERMA based on the buildup of electronic charge,
also as a function of depth

» Charged-Particle Equilibrium (cpe) is established once this charge
buildup is complete



KERMA and Dose Buildup w/o Attenuation
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KERMA and Dose Buildup
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details ...

J/kg

A

Rd)=F, 0 LLf (d)

Je,

maximum electron range

»
>

fcpe < é f;pe > 1
Charged-particle buildup Transient CPE

Depth in material (d) ——
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Photon Dose at Shallow Depths

* Thus, with the flux attenuated by material and geometry, and charged particle buildup
taken into account, the dose rate at depth d, is determined using:

Photon Flux at Depth Energy Transfer
Probability

Buildup Factor
Photon Energy at Depth

43



VARSKIN 4/5/6 Photon Dosimetry

* The new VARKSIN photon dosimetry model introduced in VARSKIN 4
considers:

* photon point-kernel methodology
* charge-particle buildup; attenuation; off-axis scatter
* numerical integration of 300 dose points for each source point

* Employs many of the same assumptions from the electron model:
* multiple geometries (point, disk, cylinder, sphere, slab)

* dose calculated to averaging disk (0.01 to 100 cm?) beneath skin
at user specified depth

* variable dose averaging
» 2D averaging areas (regulatory compliance)
* 3D averaging volumes (detector simulation)



|II

“Point Kernel” Concept

Now, let’s put the dose equation to use ...

3D Source




“Point Kerne

|II

Concept

Tissue
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Integrate Point Kernels Over Source/Dose Volume

a7



ICRU 44 soft tissue mass attenuation coefficients
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ICRU 44 soft tissue mass energy absorption coefficients

Mass Energy Absorption Coefficient [em?/g)
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Empirical Fit to ICRU 44 Soft Tissue
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Accounting for CPE

CPE buildup correction factors, fCPE, is defined as:

D(x)=K(x) fepp(X)

LONOILE

Jepe(X) = K(x) 76(x)



Charged-Particle Buildup

* Using Monte Carlo simulation, the buildup correction factors were found to fit the
general form:

f pe as a Function of Photon Energy and Tissue Distance
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VARSKIN 4/5/6 exposure geometries

Source Geometries

*Point & Offset Particle Model
*Disk

*Cylinder < Distributed Source Option
*Sphere

*Slab

< Geometry eliminated



VARSKIN 4/5/6 exposure options

e User specifies:
* Source & Geometry
* Dose depth
* Dose averaging area
* \Volume averaging option
* Air and cover thicknesses

* Multiple cover calculator
* Option to turn off photon dose calculations
» “Reset” feature to re-initialize parameters



Impact of Source Geometry
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Air-Gap Model

* The presence of air between source and skin
* disrupts charged-particle buildup
» adds depth to dose calculation
* alters off-axis geometry

* The air layer can be model only as being in contact with the skin
surface

e Attenuation in air is considered



On-Axis Calculation of Dose

* Varskin 3 calculated dose at 60
locations around the dose-averaging
disk

* Method tends to weight the average such
that it provides an over-estimation

* For VARSKIN 4, we assumed the

following:
* Point source is located directly above and
on-axis with the averaging disk
* Presumes symmetry in calculations along
a radius of the dose-averaging disk
* Weighted by the fractional area of each
annulus

* Provides a better estimate of average
dose to the entire disk

56



Offset Particle Model

* For point source, photon dosimetry

* To estimate the greatest dose to a single averaging area beneath
multiple sources

» Used when two (or more) hot particles are in proximity to each other
(when separation is less than the diameter of the averaging area)

* On selection, user must enter the Offset Value (0 cm)



Offset-particle model

Alr '
; o

Tissue

Cose-averaging disk I

Source is not on axis
of dose-averaging disk

This feature allows for the
calculation of photon dose from
multiple hot particles to a single

dose-averaging disk
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Off-Axis Correction

* CPE factors were determined at various depths on-axis in an infinite medium
* thus, photon/electron loss at tissue-air interface is not considered

* Previous calculations assumed D,=D,=D,
 additional simulations performed to consider electron loss

 Ratio of off-axis dose to perpendicular dose at depth is plotted

Air

Tissue

E =662 keV

59



Off-Axis Correction Factors
Implemented for 4 Dose Averaging Areas

Off-Axis Correction Factor
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Elements of the dose calculation

* So, this leaves us with a point-kernel photon dosimetry model that contains these
elements:

Source Strength Material Buildup Correction

Attenuation

Photon Energy \ Off-Axis

Energy Transfer
Probability

Geometric
Attenuation

Correction

61



SUMMARIZING the Model

Effort to improve accuracy, simplify, and provide continuity

[ fore () K (x)-F,, -7 dA

© jdA

(h,4) =

disc

Model Components

e Attenuation Coefficient

* improve accuracy A

* Buildup Region —f_,,
* improve accuracy
 simplify —function of E

* Off-Axis Factors —F_,
* analytical fit

Tissue
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Scenario #1

* Radiation worker in reactor containment

* 50Co hot particle (2.5 mCi; 15 min) on gloved hand
* 50 um @ 8.3 g/cm3(Z=27)

* 80x 70 um

* Glove characteristics: 0.3 mm and 0.6 g/cm?3

* Initially, point-source geometry

* Then, refine for more realism ...



Point source

VE varskin 6.0 = 0 X

File  Help
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E=m T

Calculate Doses
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results

VB Nzn voure Aveaged Resalts - o X

Radionuclide: Activity All Radionuclidas

Co-60 [27] 38: 2. 50C+00 mCi Unit Salection
O Fnglish Units

@ SlUnits
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summary

Point Source

Cylindrical Equivalent

Deep Dose
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Cylindrical equivalent source
d=?2 X-Y=2 80um-70um

= 84 um

VE varskin 6.0 - a X
File Help

Source Geometry r Radionuchde Library |[Zeffj ————— Cylinder Source Imadiation Geometry
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results
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summary

Point Source

Cylindrical Equivalent 13.0 10.6 23.6

Deep Dose
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Deep dose

VB vorskin 6.0 — = X
File Help
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results

VB Mo voluma avaragod Mozults - 3 | X
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O Cnglish Units

® Sl Units

@ lmbiasl Dosas Do (No D y-Cone.d bl Dose - Decuy-Conecled
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summary

Point Source

Cylindrical Equivalent 13.0 10.6 23.6

Deep Dose 0 3.24 3.24
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Scenario #2

* Nuclear medicine technician

* 10 uCi/mL of 186Re (decays to 1850s and 186W)
* Unknown to tech, 5 mL spills on lab coat

* 50 cm? circular shape

* 4.5 hr exposure

* Initially,
* point-source geometry
e source in contact with the skin

* Then, refine for more realism
* coat thickness of 0.4 mm, and density of 0.9 g/cm3



V8 varskin 6.0 - O X
File Help
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V& non volume Averaged Results - 0 X

Radionuclide: Activity All Radionuclides

/42] 38D. 5.00E+01 puCa Unit Selection

Ro-106[7.42] 38: 5.OOE+01 pCi O Fnglish Units

® Sl Units

VARSKI Rale Decay) Dose ARSKI Rale Decay) Dose

Election 2.96E+01 rad/h 1.33E+02 rad 1.31E+02 1ad Eleclion 5.92E+01 rad/h 2.66E+02 rad 2.62E+02 1ad
Photon Photon 37 01raa 135001 rad
Total Total 262602 rad

@ Inthal Dose Dose (No Decay-Corrected @ Inthal Dose Dose (No Decay-Corrected

AN  3/19/18 123502 PM Source Geomelry

Air Gap Thickness Iradiation Time 4 50E+00 hr
Irradiation Area 1.00E+01 cm?
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summary

Point on Skin 0.0673

Disk on Skin
Disk on Coat

Cylinder in Cloth
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summary

Point on Skin 0.0673
Disk on Skin 26.2 0.0149 26.2
Disk on Coat

Cylinder in Cloth
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summary

Point on Skin 0.0673
Disk on Skin 26.2 0.0149 26.2
Disk on Coat 9.21 0.0110 9.23

Cylinder in Cloth
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summary

Point on Skin 0.0673
Disk on Skin 26.2 0.0149 26.2
Disk on Coat 9.21 0.0110 9.23

Cylinder in Cloth 16.9 0.0126 16.9
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scenario #3

* Dose rate from general contamination

* 141Ce directly on the skin
* with concentration (0.25 uCi/cm?)

* 1” x 1” contamination area
* Exposure to 1.61 uCi liquid source
* As before, point-source geometry for a bounding estimate

e ...then refine for more realism ...



Point source

‘LB_ Varskin 6.0 — O X
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C-14[742] 38 Ml Activity Units

Skin Thickness or Skin
' 7 i Density Thickness
Ce-144 [742] 107 Air Gap Thickness

@ Cylinder Ce-144 [7.42] 107D
g::: g:g 3320 Cover Thickness
x Cover Density

S ial t
pece Gptions Cs—137[7[7.4;] 107D Multiple Cover Calculator
B Exclude Photon Dose

Pr-144 [7.42] 107

O Point ® Sphere
@ Disk ® Slab

M Exclude Electron Dose
B Pcrform Volume Averaging

B Offsct Particle Model Selected Radionuclides

Ce-141[7.42] 107: 1.61E+00 uCi
=-141 [7.42] 38: 1.61E+00 pCi

Skin Averaging Area

00e-01 Mo -

Calculate Doses

6 toc-o1 e Remov A

Irl:xposure Iime
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results

VB Non Volume Averagea Rasults

Radionuclide: Activity

Ce-141[742]) 107 1 61E+D0 pCa
Ce 141 [742] 38 1 61F+00 jCi

Initial Dose
Rate

2.68E-03 rad/h

\

Dose (No
Decay)

| | 2.68E-03rad |
/ 9.61E-01 rad ‘

Elecr.on

P oton

!
Date/Time 3/19/18 12.48.09 ]

|
!
|
Air Gap Thickness l
|
|
\
l

| . gt S P
‘{ 'ARSK] Rate

‘LENon Yelume Averaged Results — a X

Radionuchde: Activity

Dose (No Decay Corrected

Dose

Decay-Cormrected
Decay) Dose

\ 954 0lrad W 953t-01rad [l BN 191F:00rad
] 229F 03 rad 229F 03rad BN
9 56F 01 rad 9 55 01 rad | 1.92E+00 rad

Ele’.tron

2 29F 03 rad/h

volal 9 56F 01 rad/h

F holon

Date/Time 3/19/18 1248:38 PM

Source

At Gap Thicknoss
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summary

Beta Dose Rate Photon Dose Rate Total Dose Rate (rad/hr)

Point Source 0.954 0.00229 0.956

2D Disk Source
Water Slab Source
Air Slab Source

Water Slab (1 cm?)
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2D Disk source

VE varskin 6.0

File Help

Source Geomelry
® Point ® Sphere
O Disk ® Slab

® Cylinder

Special Options
B Exclude Photon Dose
B Exclude Flectron Dose

B Perform Volume Averaging

Skin Averaging Area
100201

Exposure Time

Radionuclide Library [Zeff]
C-14[742] 38
Ce-141 [7.42] 107
Ce-141[742] 38
Ce-144 [7.42] 107
Ce-144 [7.42] 107D
Ce-144 [742] 38
Ce-144 [7.42] 38D

Cs-137 [7.42) 107D
Pr-144 [7.42] 107

¥ V', ¢ Uistnbuted Source

Selecled Radionuclides

Ce-141 [7.42] 38: 2 50E-01

“cin | remove J Removent |

Il Aclivity Units

Disk Source liradiation Geomelry
Skin Thickness or Skin
Density Thickness
Air Gap Thickness

Cover Thickness
Cover Density

al D€ OVE
e —
= g
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results

VB Non Volume Averaged Results - d -

Radionuclide. Activily All Radionuchdes

Ce-141 [7.42] 38: 2 50E-01 pCi/cm* Umil Seleclion-
O English Unils
® SlUnits

@ manal Doso Dose (No Decay Cormrected @ Inihal Dose Dose (No Decay Cormrected
ARSKI Rate Decay) Dose ARSKI Rate Decay) Dose

Fles.tron 965FE-01 rad/h \ 965FE 01 rad 965E 01 rad Flectron 9 65E 01 rad/h 9 65E 01 rad 9 65E 01 rad
GO > 15203 aam W] 215503000 W 215503100 I RREEEN 215603 radm W 215503120 M 215603 ad

Tatal 9.6/7L-01 rad/h 9.6/1-01 rad 9.6/L-01 rad Total 9.6/L-01 rad/h 9.6/L-01 rad 9.6/L-01 rad

Date/Time 3/19/18 12:55:02 PM Source Geomelry

A Gap Thicknoss wradiation Tene TSR




summary

Beta Dose Rate Photon Dose Rate Total Dose Rate (rad/hr)

Point Source 0.954 0.00229 0.956

2D Disk Source 0.965 0.00215 0.967
Water Slab Source
Air Slab Source

Water Slab (1 cm?)
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Slab source

VB Varskin 6.0

File Help

rSource Geometry
@® Point @® Sphere
® Disk O Slab

® Cyhinder

rSpecial Options
B Exclude Photon Dose
B Exclude Electron Dose

B Pcrform Volume Averaging

rSkin Averaging Area
1 0001

rExposure Time

Radionuchde Library |Zeff]

C-14 [7.42] 38
Ce-141 [7.42] 107

Ce-144 [7.42] 107
Ce-144 [7.42] 107D
Ce-144 [7.42] 38
Ce-144 [7.42] 38D
Co-60 [255] 38
Co-60 [27] 38
Co-60 [7.42] 38
Cs-137 [7.42] 107D
Pr-144 [7.42] 107

B Use Distributed Source

- Selected Radionuchides-
[Ce-141[7.42] 38: 1 61E+00

| Activity Units

Skin Thickness or Skin

Density Thickness
Air Gap Thickness

Cover Thickness

Cover Density

X-Side Length
Y-Side Length
Source Thickness

Source Density

~Slab Source Irradiation Geometry

Calculate Doses
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results

VB Non volume Averaged Results

Radwonuchde: Activity All Radonuchides

Ce-141 | /7.42] 38: 1.61E+00 pCi rUnit Selechon————

O English Units
@ S| Units

mibhal Do>> Dose (No Decay-Corrected Imbal Dose Dose (No
ARSKI X Rate Decay) Dose ARSKI Rate Decay)

=CF LU 1056400 rad/h Flectron
- || 195E-03rad | Ehoon __1.95E-03rad |

Tl 1 05E+00 rad/h 1. 05E+00 rad 1.05E+00 rad Total 1. 05E+00 rad/h 1. 05F +00 rad

Date/Time 3/19/18 1.07.28 PM Source Geometry Slab Source

X sido Lot
Source Thickness 1 00E-01 pm Source Density 1 00E+00 g/cm®

Air Gap Thickness Irradiation Time 6.00E+01 min
Iradiation Arca 1.00E+01 cm®

Decay-Corrected
Dose
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summary

Beta Dose Rate Photon Dose Rate Total Dose Rate (rad/hr)

Point Source 0.954 0.00229 0.956
2D Disk Source 0.965 0.00215 0.967
Water Slab Source 1.05 0.00195 1.05

Air Slab Source

Water Slab (1 cm?)
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Slab source (low density)

Vj Varskin 6.0
File Help

Source Geomelry

@ Point @® Sphere
® Disk O Slab
@® Cylinder

Special Options
B Exclude Photon Dose
B Exclude Flectron Dose

B Perform Volume Averaging

Skin Averaging Area———————

1.00E+01
Exposure Time

6 00E-01

Radionuclide Library [Zeff]
C-14 [742] 38
Ce-141 [7.42] 107
Ce-141[7.42] 38
Ce-144 [7.42] 107
Ce-144 [7.42] 107D

Cs-137 [7.42] 107D
Pr-144 [742] 107

B Use Distrihstad Saurce

Selected Radionuclides
Ce-141[742] 38: 1.61E+00

~ IENTVAY LT

Skin Thickness or Skin
Density Thickness

- Slab Source Irradiation Geomelry

Air Gap Thickness
Cover Thickness
Cover Density

X-Side Length
Y-Side Length
Source Thickness

Source De ssity

Multiple Cover Calculator
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results

V_ﬁ Nee Volume Averaged Results - D X

Radionuclide: Activity All Radionuclides

7.42] 38: 1.61E+00 pC Unit Selection
O English Units

@ S| Umits

mitial Do>> Daose (No Decay Comrected @ Initial Dose Dose (No Decay Cormrected
Rate Decay) Dose ARSKI Rate Decay) Dose

SN 5 52601 rad/h | ( 9526-01rad  MMBNEREURN 952601 radm 952601 rad
Aol 1.95E-03rad/h I | 1.95E-03 rad Photon
NN 9. 54E-01 rad/h 9.54E-01 rad 9.54E-01 rad LB 954E-01rad/mh | 9 54E-01 rad 9.54E-01 rad

Date/Time 3/19/18 1.09.02 PM Source Geometry Slab Source

X side Length Y side Length
Source Thickness [ EEEITTIN Source Density 1.29E-03 g/cm®

Air Gap Thickness Iradiation Time 6.00E+01 min
liradiabion Area 1.00E+01 cm?
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summary

Beta Dose Rate Photon Dose Rate Total Dose Rate (rad/hr)

Point Source 0.954 0.00229 0.956
2D Disk Source 0.965 0.00215 0.967
Water Slab Source 1.05 0.00195 1.05

Air Slab Source 0.952 0.00195 0.954

Water Slab (1 cm?)
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Slab source (1 cm?)

VB varskin 6.0 - a X
File Help

rSource Geometry r~ Radionuchde Library |[Zeffj———— Slab Source lrradiation Geomefry
C-14[742] 38 Nl Activity Units

@ Point @® Sphere Skin Thickness or Skin _
! 7 | Density Thickness 7.00E+00
@ Disk O Slab
Air Gap Thickness
@® Cyhlinder
Cover Thickness
Cover Density [ = M

[ Specet Options 743 " Mutiplo Cover Calcubnq
Muliiple Cover Calculqy |

B Excludc Photon Dose

Ll S B s B Use Distribuled Source g ‘

B Pcrform Volume Averaging : Y-Side Longth _
~Selected l{adlonuc]ldcs Y \ m
‘ [Ce-141 [7.42] 38 1 61E+00 pCi ] e _

Cource Density M

rSkin Averaging 4rea
fome

rExposure Time

6 g0c-0 e
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results

VE Non Volume Averaged Results

Radionuclide: Activity All Radionuclides

Ce-141 | /742] 38- 1 61E+00 pca rUnit Selection
Q English Units

@ S| Units

Inthal Dose Dose (No Decay-Cormrected @ Inthal Dose Dose (No
Rate Decay) Dose ARSK Rate Decay)
El/cron 1.61E+00 rad/h \ 1.61E+00 rad 1.61E+00 rad Electron 1.61E+00 rad/h 1.61E+00 rad
Fhoton ] 11302 rad Photon 11302rad |

vl Total

Date/Time 31918 1:01:19 PM Source Geometry

X side Lengt ¥ side Lengih
Source |hickness 1.00E-01 pm Source Density 1.00E+00 g/cm®

Air Gap Thickness Iradiation Time 6.00E+01 min
liradiation Area 1 00E+00 em®

Decay-Comrected
Dose

1.61E+00 rad
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summary

Beta Dose Rate Photon Dose Rate Total Dose Rate (rad/hr)

Point Source 0.954 0.00229 0.956
2D Disk Source 0.965 0.00215 0.967
Water Slab Source 1.05 0.00195 1.05

Air Slab Source 0.952 0.00195 0.954

Water Slab (1 cm?) 1.61 0.0113 1.62

96



scenario #4

* Particle (not captured) on plastic lab coat

* will assume 3 mm air gap (very arbitrary)
* coat thickness of 0.20 mm, and density of 0.36 g/cm?3

e Source measurements indicate:

* 0.0036 uCi of Co-57

* 0.1920 uCi of Ru-106 (Rh-106)

» 0.0028 uCi of Cs-134

* 0.0036 uCi of Cs-137 (Ba-137m)

* Modeled as a point source
* Interested in a beta and gamma depth-dose profile



Beta activity determination

Contaminated Area

Clothing

Air gap

Dose Assessment Area

Skin

7mgcm
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Varskin input

V,E Varskin 6.0 o= 0 X
File Help

Source Geometry Radionuclide Library [Zeff] Point Source *.radiation Geomelry

Cs-134 [7.42] 38 N Activity Units

O Point ® Sphoro Cs-137[7.42] 107D : e
@® Disk @ Slab Cs-137 [7.42] 38

Pr-144 [7.42] 107 Air Gap Thickness _

® Cylinder Pr-144 [7.42] 38
::_1::;“[_57‘;?133 Cover Thickness m
Re-186 7421 107D oy DTN P
Ro-186 [7.42] 38 Cover Density g/em® v
Special Options Re-186 [742] 38D .
Rh-106 [7.42] 38 Multiple Cover Calculator™
B Exclude Photon Dose Ru-106 [7 42] 38 v
M Exclude Flectron Dose
B Perform Volume Averaging

B Ofiset Particle Model Selecled Radionuclides

Cs-134 [7.42] 38: 2.80E-03 uCi
Cs-137 [7.42] 38: 3.60E-03 puCi
Ba-137m [7.42] 38: 3.60E-03 puCi
. _ Rh-106 [7.42] 38: 1.92E-01 uCi
Skin Averaging Area Ru-106 [7.42] 38 1.92E-01 uCi

100E01
Exposure Time

s ooeeor T
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results

Radionuelida- Activity All Radionuclides

C ” [74 ~Unit Selection

3= g e s : )
Cs-137 [7.42] 38: 3.60E-03 uCi O English Units
Ba-137m [7.42] 38: 3.60E-03 uCi ® SI Units

Dose (No wwo~v-Corrected @ iti Decay-Corrected
VARSKI Dose

clectron i : I E€lectron

Photon

Cover | hickness m Cover Density 3.60E-01 g/cm®
Air Gap Thickness Iradiation Time 6 00F+01 min
inacition Ace [T




Results by nuclide

@ 7 mg/cm? Beta Dose Rate Photon Dose Rate Total Dose Rate (rad/hr)

Co-57 1.85E-5 3.53E-5 5.38E-5
Ru-106 0 0 0

Rh-106 4.65E-2 1.04E-4 4.66E-2
Cs-134 6.41E-4 1.27E-5 6.54E-4
Cs-137 1.06E-3 0 1.06E-3
Ba-137m 1.02E-4 6.49E-6 1.09E-4

TOTAL 4.83E-2 1.58E-4 4.85E-2

101



Results by depth
I T e

7 mg/cm? 4.83E-2 1.58E-4 4.85E-2
30 5.00E-2 1.74E-4 5.01E-2
50 4.98E-2 1.84E-4 5.00E-2
100 4.67E-2 1.95E-4 4.69E-2
300 2.64E-2 1.65E-4 2.66E-2
500 1.25E-2 1.25E-4 1.27E-2
1000 9.68E-4 7.00E-5 1.04E-3

O - N W b~ U1 O
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scenario #5 (offset model)

* Two particles on skin . 30cm
* separated by 3.0 cm ’

e Particle #1: +
* 1.38 uCi of Mn-54 (Z=25) i

e Particle #2:
* 0.471 pCi of Co-60 (2=27)

* Modeled as two offset point sources
* Offset model only works for photon dosimetry

* Need maximum dose rate to 10 cm? disk @ 7 mg/cm?



Point source input

\Lﬁ Varskin 6.0 = 0 %
File Help

Source Geometry ~Radionuclide Library [Zeff] Point Source Iradiation Geometry

O Point ® Sphere 2 Skin Thickness or Skin _
i Density Thickness: 7.00E+00

® Disk ® Slab

Air Gap Thickness
® Cylinder
g:::g; 17::2] gm Cover Thickness
e covrDonty
S | Opt: i
pecial Options Multiple Cover Calculator
B Exclude Photon Dose

Re-186 [7.42] 107
B Fxclude Flectron Dose

B Pe—..n volume Averay..—
% Offsct Particle Model Selected Radionuclides
. Co-60 [27] 38: 4 70E-01 yCi

-

Skin Averaging Area
[

Exposure Time

s e-o e
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results

VBNon Yolume Aversged Results

Radionuclide. Activily

Dose (No
Decay)

@ Initial Dose
VARSKI Rale

Electron 1.68E-01 rad/h

Total A0 rad

Date/Time 319718 1:30:01 PM

Air Gap lhickness 0.00E+00 mm

1.68E-01 rad

1.68E-01 rad
G UL 6.00E-03 rad/h

All Radionuchdes

Unit Selection
O English Units
@ Sl Unils

Decay-Cormrected @ Initial Dose
Dose ARSKI Rale

Electron 1.68E-01 rad/h
Photon 2.15E-02 rad/h
Total

Dose (No Decay-Correcled
Decay) Dose

1.68E-01 rad 1.68E-01rad
215602020 M 21500213

Source Geometry

Iradiation |mme 6.00E+01 min

Iradiation Area 1.00E+01 cm®
oo

ETTE

1.89L-01 rad
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Photon dose rate from each source

Mn-54

+ 15.5 mrad/hr

. Co-60 i
6.00 mrad/hr +

Where do we place a single averaging disk
in order to maximize dose?



Offset particle model input

V_E Varskin 6.0

File Help
Source Geomelry

O Point ® Sphere
® Disk ® Slab
® Cylinder

Special Options

B Exclude Photon Dose

B Exclude Electron Dose

B Perform Volume Averaging

¥ Poct rarmcn. Model

Offsel Value

150£:00 flom ) -

Exposure Time

Radionuclide Library [Zeff]

Cs-137 [7.42] 107D
Cs-137 [7.42] 38

Pr-144 [7.42] 107
Pr-144 [7.42] 38
Pr-144m [7.42] 38
Re-186 [7.42] 107

Selected Radionuchdes

Co-60 [27] 38: 4 70E-01 pCi
Mn-54 [25] 38: 1.38E+00 pCi

Point Source Irradiation Geometry
Skin Thickness or Skin _
Density Thickness 7.00E+00
Air Gap Thickness

Cover Thickness
Cover Densily

Multiple Cover Calculator
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results

Y_E Nee Velume Averaged Results - O X

Radionuclide: Activity All Radionuclides

Co-60 [27] 38: 4. 70E-01 pCs Unit Selection

Mn-5H4 38: 1.38L+00
= pa O English Units

® Sl Units

@ Initial Dose Dase (No Decay Comrected Inihial Dose Dose (No Decay Corrected
ARSK Rate Decay) Dose ARSKI Rate Decay) Dose

BT | | Eecton
Photon | 497E-03rad | Photon 1.91E-02 rad/h 1.91E-02 rad 191E-02rad__|

LU 1.73E01rad/h BN 1.73E-01 rad L 1.87E-01radmh |

Date/Time 3/19/18 1.36.37 PM Source Geometry

Air Gap Thickness Iradiation Time 6.00E+01 min
lradiation Area 1.00E+01 cm*
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Dose to single averaging disk

N Mn-54
14.1 mrad/hr
Co-60 . 300m
* 4.97 mrad/hr :
P e
f(:enteredé

Offset



Placement to maximize photon dose
ooseRate ragie) | insa | oo | ol

Each on-axis (stacked) 15.5 6.00 21.5

0.1 cm from Mn-54 15.5 0.34 15.8

0.7 cm 15.2 0.70 15.9

1.2 cm 15.3 2.65 18.0

1.4 cm 14.4 4.60 19.0

1.45cm 15.1 4.78 19.9 25

1.48 cm 12.9 4.91 17.8 — Mn-54
1.49 cm 13.4 4.97 18.4 20 o0
1.5 cm (centered) 14.1 4.97 19.1 —total

1.51cm 14.8 4.97 19.8 V\/\\\
1.52 cm 14.3 5.00 19.3 0

1.55 cm 13.1 5.14 18.2 \ \__

1.6 cm 12.7 5.21 17.9 5 S

1.8 cm 4.43 5.53 10.0 __/ \—

2.3cm 0.72 5.88 6.60 0 : ; . . : .
0 0.5 1 1.5 2 2.5

2.9 cm (0.1 cm from Co-60) 0.34 6.00 6.35
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scenario #6 (multiple cover)

* Using the Multiple Cover Calculator

* Hot particle imbedded in two layers of coveralls (0.7
mm; 0.4 g/cm?3), and one heavy cotton shirt (assumed
similar to cloth lab coat; 0.4 mm; 0.9 g/cm?3)

* Assume air gap of 1.5 mm + 0.5 mm between coveralls
and cotton shirt

*Sr-90 in equilibrium with daughter

*1.3 uCiiniron (Z=26; 7.87 g/cm3), cylindrical source, 20
um diameter x 40 um length

* Depth-dose profile to 100 mg/cm?



Cover model

0.7 mm coverall x 2

X

0.4 mm cotton

Dose Area

Source

<«— 2 mm Air Gap
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Multiple cover input

V,E Varskin 6.0
File Help

Source Geomelry

® Pont
@ Disk
O Cyhlinder

~ Special Optior
B Exclude Ph
B Exclude El
B Perform Vo

~Skin Averagil

Exposure Tin

® Sphere

Radionuclide Library [Zeff]
PN Activity Units

Cs-137 [7.42] 38

Ll CA I9°CT 20

VEMultiple Cover Calkulator

Cover 1

Cover 2

Cover 3

Cover 4

Cover5

I otal

Density
04 Bgem |
09 Ngm |
______ Boiem |
______ Bogem |

s o

Cylinder Source Irradiation Geometry

Thickness

.
oot Pem -
B
I

3001 Rom

" Cotcuse | Ganesl

Lo renone | ot

Skin Thickness or Skin

Density Thickness

______ Wmgem -
_______ Wmglam -
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results

VB Non Volume Averaged Results - o X

Radionuclide: Activity All Radionuclides

[Sr-90 [26] 107D- 1.30E+00 pCa Unit Selection
O English Units
@® Sl Units

wolNnae Dose (No Decay-Cormrected Initial Dose Dose (No Decay-Cormrected
VARSKI Rate Decay) Dose VARSKI Rate Decay) Dosc

O 3 34 01 roam B\ 334£-01ra0 W 33401 roa N 3 4E 01 aam M 334€01rod W 334E01rad
F hoton J0.00E-00cad I 0.00E-00 12 Phatan 0.00E-00 rad

Dute/Time 3/19/18 2:20.54 PM Source Geometry

Source Diameter Source Thickness m

Source Density
Cover |hickness 1.80E-01 cm Cover Density
Axr Gap Thickness liradiation Time
Irrachaton Area




results

Y_B Non Volume Averaged Results — O X

Radionuclide: Activity All Radionuclides

Sr-90 [26] 107: 1.30E+00 pCs - Unit Selection

Y-90 107: 1.30L+00
126] = QO English Units

® Sl Units

Inthal Dose Dose (No Decay Corrected ntial Do=> Dose (No Decay Cormrected
ARSKI Rate Decay) Dose h Rate Decay) Dose

Photon 0.00E+00 rad/h 0.00E+00 rad 0.00E+00 rad *hoton 0.00E+00 rad/h l 0.00E+00 rad 0.00E+00 rad

Lo 844E-03radh BN 844E-03rad N  8.44E-03rad N | 333E-01radm B 333E-01rad M|  331E-01rad

Date/Time 3/19/18 2.19.07 PM Source Geometry Cylinder Source

Source Diameter m Source [hickness 4.00E+01 um
Source Densily
Cover Thickness Cover Densily
Air Gap Thickness Irradiation Time
Iradiation Area
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Depth-dose summary

7 mg/cm?
10
20
30
50

100

334

326

304

285

252

189
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results

VB Nen velume Averaged Results s a X

Radionuclide. Activily All Radionuchdes

Sr-90 [26] 107 1 30F+00 pCi Unit Selection
Y-90 107: 1.30E+00 pCi
(28] = O English Units

@® Sl Units

Inisi=t M~an Dose (No Decay Corrected Inii=t Naae Dose (No Decay Comected

ARSKI Rate Decay) Dose VARSK Rate Decay) Dose

Elect on (\18904rad | SN 1 8901 rad/
LB 000E:00rad/h M  (JOOE:00rad | 0.00E+00 rad AU 000FE+00 rad/h B P OOF:00 rad | 0.00F+00 rad
Total /1 89E-04 rad 1 89F-04 rad NS 1 89E-01 rad/h '/ 189E-01rad 1 88E-01 rad

Date/Time 3/19/18 2° 1638 PM Source Geomelry

Source Diameler m Sowrce Thicknoss m

Source Density
Cover | hickness Cover Densily m
Air Gap Thickness lrradiation Time _
| 1.00E:01cm*

Irradiaion Area
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scenario #7 (air gap)

* Using the Air Gap Model

* Co-60 point source (1 uCi)

* 10 cm? averaging area

* Tissue depth of 7 mg/cm?

* How does dose vary with an air gap of zero to 5 cm?



Air gap model

Source

<—_ Vvariable
air gap

Dose Area
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Air gap model input

VE Varskin 6.0 - m] X
File Help

Source Geomelry— - Radionuclide Library [Zeffjl————— Poinl Source liradiation Geomeltry
= Activity Units
O Point ® Sphere 1[4 38 " [ e Skin Thickness or Skin
Ce-141[7.42] 107 i Density Thickness:
@ Disk ® Siab Ce-141 [7.42] 38
Ce-144 [742] 107 Air Gap Thicknu'ss
@ Cylinder Ce-144 [7.42] 107D
a}n {;:g} 3'3&) Cover Thickness
Co-57[742] 38
Co-60 [25.5] 38 Cover Density
Special Optione—————— | (&g 1] V4

; Multiple Cover Calculator
B Exclude Photon Dosze ;

B Exclude Electron Dose

B Perform Volume Averaging

B Offset Particle Model Selected Radionuclides
Co-60 |[7.42)] 38: 1.00E+00 pCi

Skin Averaging Area
100E+01 |

Exposure Time

cooc-ar e i Remove | Remove s’
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results

V_E Non Volume Averaged Results - a X

Radionuchde: Activity All Radionuchdes
Co-60 [7.42] 38: 1.00E+00 pCi -Unil Selection
O English Unils
® SI Units

@ Initinl Naae Dose (No Decay-Cormrected @ Initial Dose Dose (No Decay-Corrected
ARSKI Rate Decay) Dose ARSKI Rate Decay) Dose

SRR 3 40F 01 a/n [\ 3 40F 01 rad Flectron 340F01rad
Pt oton | J03E-03rad N  7.03E-03 rad Photon

NN 347E-01rad/h B /347E-01rad 2N 3 47E-01 rad/h 347E-01 rad 347E-01 rad

Date/Time 3/19/18 2-23:39 PM Source Geomely

Air Gap Thickness m lrradiation Time 6 00F+01 min
lkradiabion Area 1.00E+01 cm*

| PrntResults 121




Air gap impact on dose

EC o G
0 356 12.8 369

0.25

0.50

0.75

1

2

340

293

238

190

82.2

41.5

23.7

14.9

7.03

4.74

3.44

2.59

1.06

0.546

0.327

0.216

347

298

241

192

83.3

42.0

24.1

15.1

1000

100

10

0.1
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scenario #38

*1 uCi of Co-60 on skin

* 3D source

* With photon dose calculations

* With volume averaging (beta and gamma)

* For the purpose of examining run times and picking
reasonable volume



3D source and Volume averaging

V,ﬁ Varskin 6.0 - (m] X
File Help

Source Geomelry Radionuclide Library [Zeff] Cylinder Source liradiation Geomelry

- C-14 [7.42] 38 ' Activity Units . _ )
scom  espee | BRI - S Ticknase or Sk 7RI
@ Disk ® Siab Ce-141 [7.42] 38 ' ‘

Ce-144 [7.42] 107 Air Gap Thickness

O Cylinder Ce-144 [7.42] 107D

Ce-144[742] 38 .
Ce-144 [7.42] 38D Cover Thickness _
Co-57[742] 38 :

Co-60 {;'5.5} 38 Cover Density

e e il | Co-60 1271 38
B Exclude Photon Dose \!_EVolume Averaging Model - Co-60 [7.42] 38

o Fxclude Flectron Dose _
For Co-60 [7.42] 38 the range of values allowed for ~alculating
( | @ Perform Volume Averaging the volume-averaged dose (s 0.00 to 59.42 mg/cm®. Enter the “ -
depth comresponding to the tun (shallower) and bo*om
(deeper) of the cell over which to ~verage the Zose. :

~Skin Averaging Area
m p N Top of Cell (shallower depth) Bottom of Cell (deeper depth)
Q ER o/cm"2 EN ~q/cm2
Exposure Time
6.00E+01 min v m Remove Remove All
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Maximum volume averaging depth

Max Beta Energy | Max Depth
(keV) (mg/cm?)

Co-60

Cs-137

Cs-134

Ba-140

Y-91

318

514

658

1020

1540

59.09

163.8

186.2

295.3

604.4
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Calculating beta dose

V_E Varskin 6.0
File Help
Source Geometry
® Point ® Sphere
® Disk @ Slab

O Cylinder

Special Options
B Exclude Photon Dose
B Fxclude Flectron Dose

¥% Perform Volume Averaging

Skin Averaging Area

100e01 Wow

Exposure Time
600601

r Radionuclide Library [Zeff]

C-14[742) 38 PN Activity Units
Ce-141 [/.42] 107

Ce-141[742] 38

Ce-144 [7.42] 107

Ce-144 [7.42] 107D

l Use Distnbuted Source

Selected Radionuclides
Co-60 [7.42] 38 1.00E+00 pCi

T T

~ Cylinder Source Irradiation Geometry
e
Air Gap Thickness
Cover Thickness
Cover Density

Source Diameter
Source Thickness
Source Density m
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Calculating gamma dose

VE varskin 6.0 - 0 X
File Help

Source Geomelry ~Radionuclide Library [Zefi] Cylinder Source lradiation Geomelry———————————————————
s - Activity Units
® Pomnt @® Sphere C-14 [7.42] 38 ~ eite) e

Ce-141 [742] 107 - Skin Thickness or Skin

o o AT Ce-141 [7.42] 38 Density Thickness:

. Air Gap Thickness
O Cylinder 5

2 Cover Thickness
Special Ophi
Special Options Multiple Cover Calculator
B Exclude Photon Dose 7

B Exclude Electron Dose H Use Distributed Source

% Perform Volume Averaging Source Diameter _
Selected Radionuclides

Co60 742138 1006-000C 1 Source Thickness
Source Densily

Skin Averaging Area

100e-01 Pem

I’Exposure Time
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results

VB volume Averaged Results

Volume-Averaged Dose:
Radionuchde: Activity

Co-60 [7.42] 38. 1.00E+00 pCi -Unit Selection-

QO English Units
® Sl Units

Initial Dose Dose (No Decay-Corrected
g Kate Decay) Dose
il

LUETEE I 2 00E+00 mg/cm’ ARNEEETEIIN  4.21E-01 rad/h B \4.21E-01 rad 4.21E-01 rad
Bottom of Cell  [ECZIETTE Gl | +hoton __1beE02rad |
BT Toul RETNEYIN PAESICETE EEEEIETE

151825114 —

Source Diameter Source Thckness [IETTZTIS
Source Density 1.00E+00 g/cm®

Air Gap Thickness radiation Time 6.00E+01 min

irnchaton Aven ISR

__ Close
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results

VE Non Valume Averaged Results - g X

Radionuclide: Aclivity All Radionuclides

Co 60 |7 42] 38- 1 DOF+00 pCs ~Unit Selection
O English Units
® Sl Units

Rate Decay) Dose VARSKI Rale Decay) Dose

I 372601 rodm I \3.72601rad [ 372e01rad M 372601 rodm M 372501rad [ 372601 red
Photon 27502 rad N 12702 ach W 127E020ad M 127E02rad
Total 38501 rad Total

ll l=itial Dose Dose (No Decay-Corrected @ Initial Dose Dose (No Decay-Cormrectled

Date/Time 3/19/18 2-31-47 PM Source Geomelry Cylinder Source

Source Diameler Source Thickness 1. D0E +00 pm
Source Density 1.00C+00 gfcm*

Air Gap Thickness Iradiation Time 6.00E+01 min
Imadiation Arca 1.00E+01 cm”




results

!ﬁ'\rolnm* Averaged Results

Volume-Averaged Doses
Radionuclide: Activity

Co 60 [7 42] 38- 1 00F +00 pCs ~Unit Selection
® English Units

® Sl Units

Inthal Dose Dose (No Decay-Corrected
Rate Decay) Dose

L+ (B 5 00E+00 mg/cm* | 3.79E+00 mGy/n [ 3.795+00 mGy | 3.79E+00 mGy
Botiom of Cell Pt oton 12 Jimy 12/ 01 mGy
Volume of Cell m T 3 91E+00 mGy/h | 3.9)£-00 mGy | 3.91E+00 mGy

Date/Time 3/19/18 2:33:10 PM Source Geometry

Source Diameter Source Thickness 1.00E+00 pm
Source Density 1.00E+00 g/fem*®

Aw Gap Thickness lmadiation Time 6.00E+01 min
inadiasion Avos TR

prmosuts | Closa
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