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GAMMA MODEL: BASIC THEORY
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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)
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RELATIONSHIP BETWEEN KERMA AND DOSE

U

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

Uen _

u i 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

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

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

RENAISSANCE CODE DEVELOPMENT, LLC 11/10/2021 6



KERMA AND DOSE BUILDUP W/0 ATTENUATION

KERMA
..................... R
J/Kg \A:tﬁorbed do%e
Build up region :  Charged-particle equilibrium

Depth in material (d) —
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KERMA AND DOSE BUILDUP

KERMA Transient CPE

Her
\ K(d) = Ey - P(d) 7
absorbed dose D(d) = K(d) - fepe(d)

Depth in material (d) —_—
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__maximum electron range
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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
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VARSKIN+ PHOTON DOSIMETRY

= The VARKSIN+ SKIN DOSE photon dosimetry model introduced considers:
= photon point-kernel methodology
= charge-particle buildup; attenuation; off-axis scatter
= numerical integration of 300 dose points for each source point
= 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)
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“POINT KERNEL” CONCEPT :
D) _ e p,

© Ey - A2 ; 0 'fcpe(d)

3D Source
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INTEGRATE POINT KERNELS OVER SOURCE/DOSE VOLUME

- : S —ud Htr
D(h)=Zwi-Di<d,9>=Ziwi-Eo-4nd2e e (@)
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CHARGED-PARTICLE

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

f pe as @ Function of Photon Energy and Tissue Distance

f pe Correction Factor

0 T T T T
0 0.2 0.4 0.6 0.8 1

Depth in Tissue, d (cm)
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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

D(68)/D
Air (6)/D,
Tissue D,,
D
Some ! Dy Dy,
B |
N
Io:z v D||
0.05 DI

E =662 keV
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OFF-AXIS CORRECTION FACTORS
IMPLEMENTED FOR 4 DOSE AVERAGING AREAS
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ELEMENTS OF THE DOSE CALCULATION
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ELECTRON MODEL: BASIC THEORY

Elevation Source Points (8)

Angular Source Points (8)

y e - —
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Radial Sodrce Points (8
skin

Dose area at the skin depth level

< Dose points {60)
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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: air
skin

® excitation - characteristic X-rays

® jonization - scattered energetic electrons

= Bremsstrahlung (>1 MeV electrons) - low-energy photons

m  Scattered electrons may produce additional ion pairs

= e.g., clusters, delta rays, further excitation/ionization
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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?2) is best indicator of electron range

= important tissue depths = 7, 100, 300, 1000 mg/cm?
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RANGE-ENERGY RELATIONSHIP FOR ELECTRONS
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BETA RANGE

		

				cember, eq  5.2 and 5.4																								ionizational stopping powers, table a.5 J&C												Range energy curves for betas in stuff. Data from table a-6 of J& c

		ENERGY		RANGE																																						range in g/cm2						range in  cm

		1.0E-02		0.1607795262																								Electron energy, Mev		MeV/cm2/g		Mev/cm in air		si, p 127 cember						Energy		Air		water		aluminum		Air		water		aluminum

		2.0E-02		0.678629401																								0.001		102.3		0.1232715		3641.6986706056						0.01		0.0003		0.0003		0.0004		0.2489626556		0.0003		0.000148203

		3.0E-02		1.510127588																								0.0015		78.92		0.0950986		2809.41211226						0.015		0.0006		0.0005		0.0007		0.4979253112		0.0005		0.0002593553

		4.0E-02		2.6135007772																								0.002		64.93		0.07824065		2311.3929098966						0.02		0.001		0.0009		0.0012		0.8298755187		0.0009		0.0004446091

		5.0E-02		3.9561175685																								0.003		48.74		0.0587317		1735.0576070901						0.03		0.002		0.0018		0.0024		1.6597510373		0.0018		0.0008892182

		6.0E-02		5.5120747442																								0.004		39.49		0.04758545		1405.7740029542						0.04		0.0033		0.0029		0.0039		2.7385892116		0.0029		0.0014449796

		7.0E-02		7.2603109781																								0.005		33.415		0.040265075		1189.5147710487						0.05		0.0049		0.0043		0.0057		4.0663900415		0.0043		0.0021118933

		8.0E-02		9.1833393278																								0.006		29.16		0.0351378		1038.0443131462						0.06		0.0067		0.0059		0.0078		5.5601659751		0.0059		0.0028899592

		9.0E-02		11.2663868581																								0.007		25.94		0.0312577		923.4180206795						0.07		0.0088		0.0078		0.0102		7.3029045643		0.0078		0.0037791775

		1.0E-01		13.4967933415																								0.008		23.42		0.0282211		833.7104874446						0.08		0.0111		0.0098		0.0128		9.2116182573		0.0098		0.0047424972

		2.0E-01		42.0126467702																								0.009		21.4		0.025787		761.8020679468						0.09		0.0136		0.0119		0.0157		11.2863070539		0.0119		0.0058169692

		3.0E-01		78.2344926578																								0.01		19.73		0.02377465		702.353028065						0.1		0.0162		0.0143		0.0187		13.4439834025		0.0143		0.006928492

		4.0E-01		119.3211754742																								0.015		14.43		0.01738815		513.682422452						0.15		0.0318		0.0281		0.0365		26.3900414938		0.0281		0.0135235272

		5.0E-01		163.752632122																								0.02		11.56		0.0139298		411.5155096012						0.2		0.0507		0.0447		0.0578		42.0746887967		0.0447		0.021415339

		6.0E-01		210.5946067628																								0.03		8.484		0.01022322		302.0153618907						0.3		0.0948		0.0838		0.1076		78.6721991701		0.0838		0.0398666173

		7.0E-01		259.2241268102																								0.04		6.844		0.00824702		243.6342688331						0.4		0.145		0.1282		0.1639		120.3319502075		0.1282		0.0607261949

		8.0E-01		309.2025304349																								0.05		5.814		0.00700587		206.9680945347						0.5		0.1989		0.1759		0.2242		165.0622406639		0.1759		0.0830678029

		9.0E-01		360.2085888303																								0.06		5.107		0.006153935		181.8001477105						0.6		0.2551		0.2258		0.2871		211.7012448133		0.2258		0.1063727306

		1.0E+00		412																								0.07		4.59		0.00553095		163.3958641064						0.7		0.3128		0.2771		0.3518		259.5850622407		0.2771		0.1303445721

		2.0E+00		945.7888254582		HJKKJH																						0.08		4.195		0.005054975		149.3345642541						0.8		0.3715		0.3294		0.4178		308.2987551867		0.3294		0.1547980734

		3.0E+00		1.5E+03																								0.09		3.883		0.004679015		138.2279172821						0.9		0.4308		0.3824		0.4845		357.510373444		0.3824		0.17951093

		4.0E+00		2.0E+03																								0.1		3.631		0.004375355		129.2571639586						1		0.4905		0.4359		0.5517		407.0539419087		0.4359		0.2044090404

		5.0E+00		2.5E+03																								0.15		2.859		0.003445095		101.7753323486						2		1.082		0.972		1.22		897.9253112033		0.972		0.4520192664

		6.0E+00		3.1E+03																								0.2		2.468		0.00297394		87.8564254062						3		1.655		1.502		1.872		1373.4439834025		1.502		0.6935902186

		7.0E+00		3.6E+03																								0.3		2.083		0.002510015		74.1511078287						4		2.206		2.019		2.501		1830.7053941909		2.019		0.9266394961

		8.0E+00		4.1E+03																								0.4		1.901		0.002290705		67.6722304284						5		2.738		2.524		3.109		2272.1991701245		2.524		1.1519081141

		9.0E+00		4.7E+03																								0.5		1.801		0.002170205		64.1124076809						6		3.254		3.02		3.698		2700.4149377593		3.02		1.3701370878

		1.0E+01		5.2E+03																								0.6		1.742		0.00209911		62.01211226						7		3.756		3.506		4.27		3117.0124481328		3.506		1.5820674324

																												0.7		1.705		0.002054525		60.6949778434						8		4.245		3.984		4.827		3522.8215767635		3.984		1.788440163

																												0.8		1.682		0.00202681		59.8762186115						9		4.723		4.454		5.37		3919.5020746888		4.454		1.9896257873

																												0.9		1.668		0.00200994		59.3778434269						10		5.191		4.917		5.9		4307.8838174274		4.917		2.1859948129

																												1		1.66		0.0020003		59.0930576071						20		9.477		9.237		10.66		7864.7302904564		9.237		3.949610967

																												2		1.684		0.00202922		59.9474150665						30		13.19		13.08		14.63		10946.0580912863		13.08		5.4205261208

																												3		1.739		0.002095495		61.9053175775						40		16.51		16.55		18.04		13701.244813278		16.55		6.6839570211

																												4		1.7889		0.0021556245		63.6816691285						50		19.54		19.73		21.04		16215.7676348548		19.73		7.7954798073

																												5		1.832		0.00220756		65.2159527326						60		22.33		22.65		23.71		18531.1203319502		22.65		8.7847350871

																												6		1.869		0.002252145		66.5330871492						70		24.92		25.36		26.13		20680.4979253112		25.36		9.681363468

																												7		1.902		0.00229191		67.7078286558						80		27.33		27.88		28.33		22680.4979253112		27.88		10.4964801778

																												8		1.93		0.00232565		68.7045790251						90		29.6		30.25		30.35		24564.3153526971		30.25		11.2449055206

																												9		1.955		0.002355775		69.594534712						100		31.73		32.47		32.22		26331.9502074689		32.47		11.937754724

																												10		1.979		0.002384695		70.4488921713

																												20		2.134		0.00257147		75.9666174298

																												30		2.226		0.00268233		79.2416543575

																												40		2.281		0.002748605		81.1995568685

																												50		2.318		0.00279319		82.5166912851

																												60		2.346		0.00282693		83.5134416544

																												70		2.371		0.002857055		84.4033973412

																												80		2.391		0.002881155		85.1153618907

																												90		2.408		0.00290164		85.7205317578

																												100		2.432		0.00293056		86.5748892171
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		Energy, MeV				carbon		aluminum		copper		LEAD

		0.001				2198		356		9824		812.9

		0.005				18.53

		0.01				2.187		26.35		219.2		132.7

		0.05				0.1854

		0.1				0.1512		0.1706		0.4549		5.461

		0.5				0.0871

		1				0.0636		0.0615		0.0589		0.0701

		10				0.0196		0.0232		0.031		0.0488

		100				0.0145		0.0251		0.0467		0.0937

				Mev		carbon		aluminum		copper		LEAD

		1		0.001		2198		1185		10570

		1.09		0.00109						9824

		1.1		0.0011						11370

		1.5		0.0015		709		356		4148

		1.56		0.00156				4241

		2		0.002		307.1		2305		2349

		2.48		0.00248								812.9

		2.481		0.002481								2151

		2.58		0.00258								1939

		2.581		0.002581								2688

		3		0.003		90.58		806.9

		3.06		0.00306								1727

		3.061		0.003061								2316

		3.55		0.00355								1578

		3.551		0.003551								1780

		3.84		0.00384								1446

		3.85		0.00385								1560

		4		0.004		37.23		369.4		358

		5		0.005		18.53		197.9		193.4

		6		0.006		10.45		117.6		116.6		493.3

		7		0.007

		8		0.008		4.274		50.95		37.81		235

		8.97		0.00897						288.9

		10		0.01		2.187		26.35		219.2		132.7

		13		0.013								67.68

		15		0.015		0.7396		7.873		74.76

		15.2		0.0152								108.7

		15.21		0.01521								151.9

		15.8		0.0158								136

		15.81		0.01581								157.2

		20		0.02		0.4117		3.375		33.9		85.91

		30		0.03		0.2473		1.1		10.8		29.73

		40		0.04		0.2041		0.5571		4.779

		50		0.05		0.1854		0.3632		2.561		7.811

		60		0.06		0.1744		0.2757		1.562		4.863

		80		0.08		0.1607		0.2015		0.7519

		88		0.088								1.835

		88		0.088								7.483

		100		0.1		0.1512		0.1706		0.459		5.461

		150		0.15		0.1346		0.1381		0.2226		1.994

		200		0.2		0.1229		0.1225		0.157		0.9913

		300		0.3		0.1066		0.1043		0.1125		0.3996

		400		0.4		0.0954		0.0928		0.0944		0.2294

		500		0.5		0.0871		0.0845		0.0837		0.1588

		550		0.55		0.0836		0.081		0.0797

		662		0.662		0.0771		0.0746		0.0725		0.1084

		800		0.8		0.0708		0.0684		0.066		0.0872

		1		1		0.0636		0.0615		0.0589		0.0701

		1.25		1.25		0.0569		0.0549		0.0525		0.0581

		1.5		1.5		0.0518		0.0501		0.048		0.0453

		2		2		0.0444		0.0433		0.042

		3		3		0.0356		0.0354		0.036		0.0417

		4		4		0.0305		0.0311		0.0332		0.0415

		5		5		0.0271		0.0284		0.0317		0.0423

		6		6		0.0246		0.0264		0.0307		0.0429

		8		8		0.0214		0.0242		0.0303		0.0454

		10		10		0.0196		0.0232		0.031		0.0488

		15		15		0.0169		0.0217		0.032		0.0459

		20		20		0.0158		0.0217		0.0341		0.0612

		30		30		0.0147		0.022		0.0371		0.07

		40		40		0.0143		0.0224		0.0391		0.0757

		50		50		0.0143		0.0231		0.0412		0.0807

		60		60		0.0142		0.0234		0.0424		0.0838

		80		80		0.0143		0.0243		0.0447		0.0891

		100		100		0.0145		0.0251		0.0467		0.0937
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ALPHA RANGES

		Energy, MeV										figure 5.8 of Cember

		0		0
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Sheet1

		

				cember, eq  5.2 and 5.4																								ionizational stopping powers, table a.5 J&C												Range energy curves for betas in stuff. Data from table a-6 of J& c

		ENERGY		RANGE																																						range in g/cm2						range in  cm

		1.0E-02		0.1607795262																								Electron energy, Mev		MeV/cm2/g		Mev/cm in air		si, p 127 cember						Energy		Air		water		aluminum		Air		water		aluminum

		2.0E-02		0.678629401																								0.001		102.3		0.1232715		3641.6986706056						0.01		0.0003		0.0003		0.0004		0.2489626556		0.0003		0.000148203

		3.0E-02		1.510127588																								0.0015		78.92		0.0950986		2809.41211226						0.015		0.0006		0.0005		0.0007		0.4979253112		0.0005		0.0002593553

		4.0E-02		2.6135007772																								0.002		64.93		0.07824065		2311.3929098966						0.02		0.001		0.0009		0.0012		0.8298755187		0.0009		0.0004446091

		5.0E-02		3.9561175685																								0.003		48.74		0.0587317		1735.0576070901						0.03		0.002		0.0018		0.0024		1.6597510373		0.0018		0.0008892182

		6.0E-02		5.5120747442																								0.004		39.49		0.04758545		1405.7740029542						0.04		0.0033		0.0029		0.0039		2.7385892116		0.0029		0.0014449796

		7.0E-02		7.2603109781																								0.005		33.415		0.040265075		1189.5147710487						0.05		0.0049		0.0043		0.0057		4.0663900415		0.0043		0.0021118933

		8.0E-02		9.1833393278																								0.006		29.16		0.0351378		1038.0443131462						0.06		0.0067		0.0059		0.0078		5.5601659751		0.0059		0.0028899592

		9.0E-02		11.2663868581																								0.007		25.94		0.0312577		923.4180206795						0.07		0.0088		0.0078		0.0102		7.3029045643		0.0078		0.0037791775

		1.0E-01		13.4967933415																								0.008		23.42		0.0282211		833.7104874446						0.08		0.0111		0.0098		0.0128		9.2116182573		0.0098		0.0047424972

		2.0E-01		42.0126467702																								0.009		21.4		0.025787		761.8020679468						0.09		0.0136		0.0119		0.0157		11.2863070539		0.0119		0.0058169692

		3.0E-01		78.2344926578																								0.01		19.73		0.02377465		702.353028065						0.1		0.0162		0.0143		0.0187		13.4439834025		0.0143		0.006928492

		4.0E-01		119.3211754742																								0.015		14.43		0.01738815		513.682422452						0.15		0.0318		0.0281		0.0365		26.3900414938		0.0281		0.0135235272

		5.0E-01		163.752632122																								0.02		11.56		0.0139298		411.5155096012						0.2		0.0507		0.0447		0.0578		42.0746887967		0.0447		0.021415339

		6.0E-01		210.5946067628																								0.03		8.484		0.01022322		302.0153618907						0.3		0.0948		0.0838		0.1076		78.6721991701		0.0838		0.0398666173

		7.0E-01		259.2241268102																								0.04		6.844		0.00824702		243.6342688331						0.4		0.145		0.1282		0.1639		120.3319502075		0.1282		0.0607261949

		8.0E-01		309.2025304349																								0.05		5.814		0.00700587		206.9680945347						0.5		0.1989		0.1759		0.2242		165.0622406639		0.1759		0.0830678029

		9.0E-01		360.2085888303																								0.06		5.107		0.006153935		181.8001477105						0.6		0.2551		0.2258		0.2871		211.7012448133		0.2258		0.1063727306

		1.0E+00		412																								0.07		4.59		0.00553095		163.3958641064						0.7		0.3128		0.2771		0.3518		259.5850622407		0.2771		0.1303445721

		2.0E+00		945.7888254582		HJKKJH																						0.08		4.195		0.005054975		149.3345642541						0.8		0.3715		0.3294		0.4178		308.2987551867		0.3294		0.1547980734

		3.0E+00		1.5E+03																								0.09		3.883		0.004679015		138.2279172821						0.9		0.4308		0.3824		0.4845		357.510373444		0.3824		0.17951093

		4.0E+00		2.0E+03																								0.1		3.631		0.004375355		129.2571639586						1		0.4905		0.4359		0.5517		407.0539419087		0.4359		0.2044090404

		5.0E+00		2.5E+03																								0.15		2.859		0.003445095		101.7753323486						2		1.082		0.972		1.22		897.9253112033		0.972		0.4520192664

		6.0E+00		3.1E+03																								0.2		2.468		0.00297394		87.8564254062						3		1.655		1.502		1.872		1373.4439834025		1.502		0.6935902186

		7.0E+00		3.6E+03																								0.3		2.083		0.002510015		74.1511078287						4		2.206		2.019		2.501		1830.7053941909		2.019		0.9266394961

		8.0E+00		4.1E+03																								0.4		1.901		0.002290705		67.6722304284						5		2.738		2.524		3.109		2272.1991701245		2.524		1.1519081141

		9.0E+00		4.7E+03																								0.5		1.801		0.002170205		64.1124076809						6		3.254		3.02		3.698		2700.4149377593		3.02		1.3701370878

		1.0E+01		5.2E+03																								0.6		1.742		0.00209911		62.01211226						7		3.756		3.506		4.27		3117.0124481328		3.506		1.5820674324

																												0.7		1.705		0.002054525		60.6949778434						8		4.245		3.984		4.827		3522.8215767635		3.984		1.788440163

																												0.8		1.682		0.00202681		59.8762186115						9		4.723		4.454		5.37		3919.5020746888		4.454		1.9896257873

																												0.9		1.668		0.00200994		59.3778434269						10		5.191		4.917		5.9		4307.8838174274		4.917		2.1859948129

																												1		1.66		0.0020003		59.0930576071						20		9.477		9.237		10.66		7864.7302904564		9.237		3.949610967

																												2		1.684		0.00202922		59.9474150665						30		13.19		13.08		14.63		10946.0580912863		13.08		5.4205261208

																												3		1.739		0.002095495		61.9053175775						40		16.51		16.55		18.04		13701.244813278		16.55		6.6839570211

																												4		1.7889		0.0021556245		63.6816691285						50		19.54		19.73		21.04		16215.7676348548		19.73		7.7954798073

																												5		1.832		0.00220756		65.2159527326						60		22.33		22.65		23.71		18531.1203319502		22.65		8.7847350871

																												6		1.869		0.002252145		66.5330871492						70		24.92		25.36		26.13		20680.4979253112		25.36		9.681363468

		Fig 5.2, guesstimated																										7		1.902		0.00229191		67.7078286558						80		27.33		27.88		28.33		22680.4979253112		27.88		10.4964801778

		Absorber		cpm																								8		1.93		0.00232565		68.7045790251						90		29.6		30.25		30.35		24564.3153526971		30.25		11.2449055206

		0		3000																								9		1.955		0.002355775		69.594534712						100		31.73		32.47		32.22		26331.9502074689		32.47		11.937754724

		25		2222.4546620452																								10		1.979		0.002384695		70.4488921713

		50		1646.4349082821																								20		2.134		0.00257147		75.9666174298

		75		1219.7089792218																								30		2.226		0.00268233		79.2416543575

		100		903.5826357366																								40		2.281		0.002748605		81.1995568685

		125		669.3904804453																								50		2.318		0.00279319		82.5166912851

		150		495.8966646648																								60		2.346		0.00282693		83.5134416544

		175		367.3692847589																								70		2.371		0.002857055		84.4033973412

		200		272.1538598682																								80		2.391		0.002881155		85.1153618907

		225		201.6165382192																								90		2.408		0.00290164		85.7205317578

		250		149.3612051036																								100		2.432		0.00293056		86.5748892171

		275		110.6495022037

		300		81.9711673419

		325		60.7257343374

		350		44.9867304614

		375		33.3269896147

		400		24.6892411471

		425		23

		450		22

		475		22

		500		22

		525		22

		550		22

		575		22

		600		22
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		Energy, MeV				carbon		aluminum		copper		LEAD																						Cember, 5.11, attenuation of gamma rays under good geometry

		0.001				2198		356		9824		812.9

		0.005				18.53																												Absorber thickness, cm		lead		aluminum

		0.01				2.187		26.35		219.2		132.7																						0		1		1

		0.05				0.1854																												0.25		0.7350211534		0.9509095323

		0.1				0.1512		0.1706		0.4549		5.461																						0.5		0.540256096		0.9042289386

		0.5				0.0871																												0.75		0.3970996588		0.8598399171

		1				0.0636		0.0615		0.0589		0.0701																						1		0.2918766493		0.8176299734

		10				0.0196		0.0232		0.031		0.0488																						1.25		0.2145355114		0.7774921356

		100				0.0145		0.0251		0.0467		0.0937																						1.5		0.157688139		0.739324683

				Mev		carbon		aluminum		copper		LEAD																						1.75		0.1159041178		0.7030308885

		1		0.001		2198		1185		10570																								2		0.0851919784		0.6685187734

		1.09		0.00109						9824																								2.25		0.0626179062		0.6357008741

		1.1		0.0011						11370																								2.5		0.0460254857		0.6044940209

		1.5		0.0015		709		356		4148																								2.75		0.0338297056		0.5748191267

		1.56		0.00156				4241																										3		0.0248655492		0.5466009869

		2		0.002		307.1		2305		2349																								3.25		0.0182767046		0.5197680888

		2.48		0.00248								812.9																						3.5		0.0134337645		0.4942524302

		2.481		0.002481								2151																						3.75		0.0098741011		0.4699893472

		2.58		0.00258								1939																						4		0.0072576732		0.4469173504

		2.581		0.002581								2688

		3		0.003		90.58		806.9

		3.06		0.00306								1727

		3.061		0.003061								2316

		3.55		0.00355								1578

		3.551		0.003551								1780

		3.84		0.00384								1446

		3.85		0.00385								1560

		4		0.004		37.23		369.4		358

		5		0.005		18.53		197.9		193.4

		6		0.006		10.45		117.6		116.6		493.3

		7		0.007

		8		0.008		4.274		50.95		37.81		235

		8.97		0.00897						288.9

		10		0.01		2.187		26.35		219.2		132.7

		13		0.013								67.68

		15		0.015		0.7396		7.873		74.76

		15.2		0.0152								108.7

		15.21		0.01521								151.9

		15.8		0.0158								136

		15.81		0.01581								157.2

		20		0.02		0.4117		3.375		33.9		85.91

		30		0.03		0.2473		1.1		10.8		29.73

		40		0.04		0.2041		0.5571		4.779

		50		0.05		0.1854		0.3632		2.561		7.811

		60		0.06		0.1744		0.2757		1.562		4.863

		80		0.08		0.1607		0.2015		0.7519

		88		0.088								1.835

		88		0.088								7.483

		100		0.1		0.1512		0.1706		0.459		5.461

		150		0.15		0.1346		0.1381		0.2226		1.994

		200		0.2		0.1229		0.1225		0.157		0.9913

		300		0.3		0.1066		0.1043		0.1125		0.3996

		400		0.4		0.0954		0.0928		0.0944		0.2294

		500		0.5		0.0871		0.0845		0.0837		0.1588

		550		0.55		0.0836		0.081		0.0797

		662		0.662		0.0771		0.0746		0.0725		0.1084

		800		0.8		0.0708		0.0684		0.066		0.0872

		1		1		0.0636		0.0615		0.0589		0.0701

		1.25		1.25		0.0569		0.0549		0.0525		0.0581

		1.5		1.5		0.0518		0.0501		0.048		0.0453

		2		2		0.0444		0.0433		0.042

		3		3		0.0356		0.0354		0.036		0.0417

		4		4		0.0305		0.0311		0.0332		0.0415

		5		5		0.0271		0.0284		0.0317		0.0423

		6		6		0.0246		0.0264		0.0307		0.0429

		8		8		0.0214		0.0242		0.0303		0.0454

		10		10		0.0196		0.0232		0.031		0.0488

		15		15		0.0169		0.0217		0.032		0.0459

		20		20		0.0158		0.0217		0.0341		0.0612

		30		30		0.0147		0.022		0.0371		0.07

		40		40		0.0143		0.0224		0.0391		0.0757

		50		50		0.0143		0.0231		0.0412		0.0807

		60		60		0.0142		0.0234		0.0424		0.0838

		80		80		0.0143		0.0243		0.0447		0.0891

		100		100		0.0145		0.0251		0.0467		0.0937
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ELECTRON TRACK SIMULATION

\//

h ~90% Range

\/\ “Maximum” Range

Average Range
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SIMPLIFIED ELECTRON DOSIMETRY

In thin slices that are uniformly exposed, the dose rate from
charged particles can be expressed simply as the product of
particle flux and mass stopping power:

TG articles
o
sec sec - cm
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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:

F , E
Arr? pr, (/% )‘ - |

G(r,E)=

®
v

= The function F(r/ry, 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.
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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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SYMMETRIC-SOURCE DOSE CALCULATION

Elevation Source Pn% x
* Angular Source Points (8)
e 0 Ly

Dose area at the skin depth level

Dose points (60)
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CORRECTIONS TO DOSE-POINT KERNEL

= Spatial distribution of energy absorption from electron emission sources is the basic physical information
required for electron dosimetry

0.00 0.20 0.40 0.60 0.80 1.00
Scaled Distance

Infinite Water Dose plane

Medium
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DENSITY CORRECTION MODEL

Fails for typical Hot Particles Srhick

\ Cover : Crhick

(Lot P Ao )
1 P

Dose area at the skin depth level
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DPK Comparison

SCALING MODEL o

0.07 ——Homogenous

0.06 Non-Homogenous

0.05
0.04

0.03

Energy Depostion Fraction

0.02

0.01

0.00

0 0.1 0.2 0.3 0.4 0.5
Skin Depth (cm)

= 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)
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Depth Scaling
SCALING MODEL "~

0.07
0.06
0.05

——Homogenous

0.03 Non-Homogenous

Energy Depostion Fraction

0.01

0.00

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Skin Depth (cm)

= 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)
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Energy Scaling
SCALING MODEL o=

0.07

o
o
&

2
(=}
!

©
o
B

——Homogenous

0.03 Non-Homogenous

Energy Depostion Fraction

0.02

0.01

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Skin Depth (cm)

= 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)
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BACKSCATTER CORRECTION FACTORS

Water (p = 1 g/cm?3)

Isotropic Source

Dosimetry Zone

Tissue (p = 1 g/cm3)

RENAISSANCE CODE DEVELOPMENT, LLC

Air (p = 0.001 g/cm?3)

Isotropic Source

Dosimetry Zone

Tissue (p = 1 g/cm?3)

Water (p = 1 g/cm?)

Isotropi¢ Source

Dosimetry Zone

Tissue (p = 1 g/cm3)

Air (p = 0.001 g/cm?3)

Isotropi¢ Source

Dosimetry Zone

Tissue (p = 1 g/cm?3)
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BACKSCATTER CORRECTION FACTORS

RENAISSANCE CODE DEVELOPMENT, LLC 11/10/2021 34



BACKSCATTER CORRECTION FACTORS
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BACKSCATTER CORRECTION FACTORS
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BACKSCATTER CORRECTION FACTORS
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BACKSCATTER CORRECTION FACTORS

= Dots = VARSKIN 5

= Lines = VARSKIN 6 and up
= QOrange = 0.1 cm source

= Purple = 0.02 cm source

= Green =0.02 cm source
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TO SKINDOSE...
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SKINDOSE CAPABILITIES AND LIMITATIONS

®  Calculates dose equivalent for Photon, Electron, and Alpha radiation for more than 1200 radionuclides

m  Uses either ICRP 38 or 107 decay data and accounts for decay products

= Dose is averaged over an area ranging from 0.01 cm? to 100 cm?
= Allows for an airgap of up to 20 cm between the source and the skin surface and for source covers

= Source materials are defined by atomic number and density with geometries of:

= Point source

= Disk source

= Spherical source
= Cylindrical source
= Slab source

= Syringe source
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SKINDOSE SENSITIVITIES

Direct Propagators Regulatory Defined Values Parametric Uncertainty

Exposure time Volume averaging depth Airgap thickness
Source activity Skin averaging area Cover thickness and density
Distributed activity Skin thickness Source geometry

= Direct propagators - Uncertainty in these parameters propagates completely through the model to the dose
estimate (twice the activity will yield twice the dose)

= Regulatory Defined Values - While these inputs can be manipulated in VARSKIN, the regulations call for dose
averaged over 10 cm2 at a depth of 7Tmg/cm2

= Parametric Uncertainty — Variations in these inputs will affect dose output, however, the effect is not as intuitive as
compared to the direct propagators
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ELECTRON DOSE

Parameter E <200 keV 200 keV - 2 MeV E > 2 MeV
3D Geometry LOW LOW LOW
3D Source volume HIGH HIGH
3D Source density HIGH HIGH
(relzaI::: :;c:v;r:raea) Low Low Low
Cover density LOW
Cover thickness HIGH LOW LOW
Airgap thickness LOW
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GAMMA DOSE
Parameter E <20 keV 20 keV - 500 keV E > 500 keV
3D Geometry LOW LOW LOW
3D Source volume LOW LOW
oo dov | wow
2D Source area* LOW LOW LOW
Cover density LOW LOW LOW
Cover thickness LOW
Alrgap thickness LOW
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BASIC DEMONSTRATION

= Assume a 1 uCi I-131 point source

= Use ICRP 107 decay data with Z 4 of 7.42 (water)

= 107 = no decay products accounted for

= 107D = decay products accounted for

" 1 hr exposure time
= No air gap and no cover

= Dose to a 10 cm? averaging area at a depth of 7 mg cm™
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&) Detailed Results (I-131 (7.42,107)) — X
Nuclide: [-131
Database: ICRP107
Half Life: 8.02e+00 d
Initial Electron Dose Rate: 4.99e-01 rem/h
Initial Gamma Dose Rate: 4.86e-03  rem/h
Initial Alpha Dose Rate: - rem/h
Total Initial Dose Rate: 5.04e-01 rem/h
Electron Dose (No Decay Correction): 4.99e-01 rem
Gamma Dose (No Decay Correction). 4.86e-03  rem
Alpha Dose (No Decay Correction): - rem

Total Dose (No Decay Correction): 5.04e-01 rem
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QUESTIONS
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EXAMPLES...
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