The
Health Physicist's
Companion

] Health Physicist's Companion [_ (O] x|

Setting:  Help

Muclide Selection |Nuc|ide Data| Nuclide Assessment' Physical Data| Units | Serial Decay | Heray Sets|
Quick Find : Element | j Muclide, A or 7 I

RunOueryl rf|/|r~|r“~r|_
R A= | Browse All |

(210)

HPC Version 1.4.3- & Syberad Ltd - 2002



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 1 of 96
Contents
INTRODUCTION 4
CHAPTER 1 - NUCLIDE SELECTION PAGE 5
Getting started 5
Entering data 6
Using the menus 10
CHAPTER 2 - NUCLIDE DATA PAGE 11
Beta emission data 11
Using the menus 15
CHAPTER 3 - NUCLIDE ASSESSMENT PAGE 17
How do | calculate decayed radioactivity? 20
How do | calculate dose rates? 20
How do | calculate shielding requirements? 23
Mathematical formula used by the dose calculator (overview) 25
How do | carry out 'capped’ dose rate calculations? 26
Using the menus 27
CHAPTER 4 - PHYSICAL DATA PAGE 28
Using the menus 29
CHAPTER 5 - UNITS PAGE 30
Using the menus 33
CHAPTER 6 - SERIAL DECAY PAGE 35
Introduction 35
How do | start a decay tree build? 35
How do | stop a decay tree build? 35
Dealing with metastable states during a decay tree build 35
Want can | do once the decay tree has been built and displayed? 35
Using the decay tree window 38
Using the nuclide data grid 39
Serial decay calculations 39
Using the menus 40
CHAPTER 7 - X-RAY SETS PAGE 42
What can | do with the x-ray calculator? 42
Pulsed X-ray Tube Dose Rates 44
Constant Potential X-ray Tube Dose Rates 44
How do | calculate x-ray dose rates? 42
Customizing the data grid 43
How do | use the shielding calculator? 43
Using British Standard 4094 data 45
Concrete Shield Transmission Values 46
Lead Shield Transmission Values 47
Using Archer's data 49
How do | configure and print displayed graphs? 50
Using the menus 51



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 2 of 96
CHAPTER 8 - RADON AND THORON 52
The Radon Calculator 53
Radon Calculator Schematic 54
CHAPTER 9 - RADIOACTIVE DECAY 55
Alpha decay 56
Beta decay 56
Gamma decay 57
Proton decay 58
Neutron decay 58
Spontaneous fission 58
Internal transition 59
Metastable and Isomeric states 59
Internal Conversion 59
CHAPTER 10 - PHOTON ABSORPTION PROCESSES 60
Photoelectric absorption 60
Compton scatter 60
Pair production 61
Rayleigh scatter 61
Bremsstrahlung radiation 62
CHAPTER 11 - PHOTON ABSORPTION COEFFICIENTS 63
Introduction 63
The mass attenuation coefficient 63
The mass energy-absorption coefficient 65
CHAPTER 12 - DOSE QUANTITIES 68
Radiation Absorbed Dose 68
Estimation of personal doses 68
Tissue weighting factors 69
Radiation weighting factors 70
CHAPTER 13 - THE DISCOVERY OF RADIOACTIVITY 71
Becquerel, Antoine, Henri 71
Curie, Marie 72
CHAPTER 14 - X-RAYS TUTORIAL 74
General x-ray phenomena 74
Dual nature of x-rays 74
X-rays as waves 75
X-rays as particles 75
CHAPTER 15 - USING THE COMPANION 77
Nuclide Database Field Details 77
Querying the Database 78
Tips on Entering Data in Calculation Fields 79
Screen Optimization 79
Increasing the screen resolution 79
Changing the Taskbar properties 80
Message Dialogues 82



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 3 of 96

BIBLIOGRAPHY, REFERENCES AND DATA SOURCES 84
FIGURES

1 Nuclide Selection Page - What you see when the HPC is launched 5

2 Nuclide Selection Page - Nuclide data fields 6

3 Nuclide Selection Page - Nuclide data browse grid/table 7

4 Nuclide Data Page - Data for the selected nuclide 11

5 Nuclide Assessment Page - Input and calculation fields 17

6 Nuclide Assessment Page - Dose calculation error messages 23

7 Nuclide Assessment Page - Capped dose rate calculations 26

8 Physical Data Page - Absorption coefficient and HVL data fields 28

9 Units Page - Units conversions; input and calculation fields 30

10 Serial Decay Page - Decay series tree and daughter nuclide data 36

11 X-rays Page - Dose rates from x-ray sets; input fields and data 42

12 X-rays Page - X-ray shielding using BS4094 data 45

13 X-rays Page - X-ray shielding using Archer's data 49

INDEX 94



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 4 of 96

Introduction

Thank you for purchasing the Health Physicist's Companion (HPC).

We believe that it is an invaluable aid to radiation safety professionals who need simple yet
comprehensive access to nuclide and other health physics related information.

When you first launch the Health Physicist's Companion, you are presented with the application's main
form. This consists of a number of tabbed pages which each deal with an aspect of radiation-related
information or calculation.

When you move between pages, your entered data are retained until you either return to the original
page and select the <Reset><Clear Page> or <Reset><Clear All> menu option. The <Reset> menu
is located in the menu bar at the top of the main form.

Some pages are only accessible when a radionuclide is selected in the Nuclide Selection page; for
example, the Nuclide Assessment and Nuclide Data pages are only accessible when you have
selected a radionuclide.

When entering numerical data in calculation fields, you can use the 'e' or 'E' character to denote
standard form values. For example, the value 1090.99 would be entered as 1.09099e3 and 0.0099 as
9.9e-3. The Health Physicist's Companion uses standard form for calculation results that can not
otherwise be displayed within the space available in a field.

If you have difficulties operating the Companion, contact Syberad at: hpc_help@syberad.co.uk
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Chapter 1 - Nuclide Selection Page

The Nuclide Selection page is where you select a nuclide for processing. On this page, you can
access a database of over 2850 nuclides.

Getting started

When you first run the Health Physicist's Companion, the application opens with the Nuclide Selection
page displayed as the default; here you enter search/selection criteria to locate the nuclides you are
interested in.

The Nuclide Selection page is linked to the Nuclide Data, Nuclide Assessment and Serial Decay
pages; it is therefore not possible to view these pages until a radionuclide has been selected.

Figure 1 - Opening screen-shot of the Companion

[JHealth Physicist's Companion
Settings  Help

Nuclide Selection |Nuchde Datal Nuclide Assessmentl Physical Data| Units | Serial Decaylx—ray Sets|

Quick Find:  Elernent | Nuclide, A or Z
licici| || ———
[I=RelE Browse All |

Information about the components shown in Figure 1

There are three ways of locating nuclides in the database:

1. Searches using the common element name.

Use this drop-down list field to choose an element; they are listed alphabetically
by name. You can use the mouse, scroll-bar or cursor keys to navigate to the
element of your choice. Alternatively, you can type directly into this control to make the selection
cursor move to the nearest matching element as you type.

2. Searches using the abbreviated element name, atomic number or mass number

Enter an abbreviated element name, atomic mass number or atomic number
for which you want to locate matching entries, for example, 'Ca’ for calcium.
The number of nuclides for the selected element is shown in the box below: [EEErameaEs=

Muclide, AorZ  |Ac

3 Searches using structured query language (SQL)

GG s o o i e ‘ Enter an SQL search string here and then click the 'Run Query' button to
- execute the query. To clear the search string, click the 'New Query'

Nowcuen |
button. For more information about SQL, see page 78.

[ click this button to display all nuclides in the database.

Click these buttons to move backwards and forwards through the nuclides
that match your selection criteria.
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Double-click anywhere in this image to open the Health Physicist's
Companion help system.

Entering data

Once you have entered valid nuclide selection criteria, the data display panel appears; an example is
shown in Figure 2.

If you have selected a series of nuclides, you can display them as a grid by double-clicking anywhere
on the page background; double-clicking the page again, reinstates the single record display mode.

Figure 2 - Single record display

[JHealth Physicist's Companion =1
View Fest Seftings Piint Help
Nuclide Selection |Nuchde Data' MNuclide Assessment' Physical Data| Units | Serial Decay')(—ray Sets|
Quick Find : Element ,—;, huclide, A or Z IT
ey | | e | v | E—
IHE EEr, Browse All |
Muclide Sb |125 /51 Haiflife 7} |2 T |‘/ear3
Particulate Decay Modes
Beta 062 ey 14 % Decay Decay
Beta 031 Mev [0% | [Decay DEsay,
DEcay [IECEY,
Garmma Emissions [p-a2 wev o [peae mew iz | [
o601 Mev | | | [ [
Cther Data
Isotopic abundance Comments  [23% of decays are to a metastable state. [-|
Intake Data :
Aerosal Clearance
[t micron AmaD =] [Fast |
Inhalafion Ingesfion
14E-09  SwBg [0.100  f1 [11EDS  SwBg 0100 |f1 =

Information about the components shown in Figure 2

e - These three fields display the abbreviated nuclide name, the atomic
uclide ILi s 1z ! )
mass number and the atomic number for the currently selected nuclide.

Halflife: { 73 {0.81 |Seconds Displays the selected radionuclide's halflife.

Particulate Decay Modes

These fields display the decay modes for the selected radionuclide,

Beta [2.3032 Mey 1226 % Decay . e . .
= S —'Dmy their transition energies, in MeV, and the percentage decay by each
Bata 02122 ey 55 % ||Decay mOde.

Garmma Emissions WW

1.691 ey MB8.76 %

Decayl This button is enabled if there is a daughter nuclide for the adjacent decay mode; clicking it
makes the corresponding daughter the currently selected nuclide.

lsctopic abundance  If the currently selected nuclide is naturally occurring, the percentage abundance is
displayed here.

Aerosol Select the aerosol size for which to display dose per unit radioactivity inhaled. AMAD

[1miconams0 ] refers to the particle size measurement quantity, activity median aerodynamic
diameter (see page 78).

Clearance The dosimetric lung model described by ICRP* in Publication 68*"?, allows

[Fast d radioactive materials to be grouped into three lung clearance rate categories namely,

fast, medium and slow.

! ICRP - International Commission on Radiological Protection.
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{nhalation Effective dose, per unit radioactivity inhaled, in sieverts per becquerel. Values are
|3_DE.12 swBg consistent with ICRP, Publication 68. Effective dose is defined in ICRP, Publication
60“%: this quantity replaces effective dose equivalent defined in Publication 267

Clearance fraction assumed in the lung model described by ICRP? in Publication

o0 T 68170,

Ingestion Effective dose, per unit radioactivity ingested, in sieverts per becquerel. Values are
|73,.;.E_12 SwBy consistent with ICRP, Publication 68.

Transfer fraction assumed in the intestinal tract (gut) model described by ICRP in
10t Ppublication 68.

Comments  [100% ot dacers e metastabi sie This field displays miscellaneous notes about the currently selected
nuclide.

Figure 3 - Multiple record display

[ Health Physicist’s Companion =
‘iew Reset Setings Frint Hep

Nuclide Selection |Nuchde Datal Nuclide Assessmentl Physical Data| Units | Serial Decaylx—ray Sets|

Quick Find : Elernent i Nuclide, A or Z
ey L e (| —
e Clear Browse Al |

I | Element A Halflife 100 % | Decay 1 | %100 % | Decay 2 | x100 % | Decay 3 | x100 % | Decay 4 | x10C=

1 1

1 2

1 H 3 12,35y 1 b-0.01862

2 He 3

2 He 4

2 He ] 08ls 1 b-351

2 He =1 0122 088 b37 012 n

3 Li 6

3 Li 7

3 Li =] 08445 1 b-13.1

3 Li 9 0.178s 065 b-136 035 n

3 Li 11 0.0085s 0338 b-20.4 061 n

4 Be 7 43.3d 1 K

4 Be =] Te-17s

4 Be 9

4 Be 10 1.6y 1 b-0.556 -
sl o

Information about the components shown in Figure 3

D [EEHERD] AN HEfifE 00 POEEERN  The nuclide database's data field formats are shown
in the table below.

Display Grid Column Heading Detail

Element Abbreviated element name

A Atomic mass number

Z Atomic number

Halflife Radionuclide halflife (if applicable) where:

y=years, d=days, h=hours, m=minutes and s=seconds

Decay (n) Decay mode and energy in MeV
where:
b- beta b+ positron
K electron capture m  metastable state
a alpha SF spontaneous fission
p  proton n  neutron

IT isomeric transition

Gamma (n) Gamma emission energy in MeV

X100% Percentage decay by mode(n)

2 ICRP - International Commission on Radiological Protection.
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Display Grid Column Heading Detail
Inhale 5 micron (slow) Dose per Bq inhalation of a 5 micron AMAD aerosol
Inhale 1 micron (slow) Dose per Bq inhalation of a 1 micron AMAD aerosol
Inhale f1 (slow) Fractional clearance value
Ingestion (slow) Dose per Bq ingestion
Ingestion f1 (slow) Fractional transfer value
Inhale 5 micron (med.) Dose per Bg inhalation of a 5 micron AMAD aerosol
Inhale 1 micron (med.) Dose per Bg inhalation of a 1 micron AMAD aerosol
Inhale f1 (med.) Fractional clearance value
Ingestion (med.) Dose per Bg ingestion
Ingestion f1 (med.) Fractional transfer value
Inhale 5 micron (fast) Dose per Bq inhalation of a 5 micron AMAD aerosol
Inhale 1 micron (fast) Dose per Bq inhalation of a 1 micron AMAD aerosol
Inhale f1 (fast) Fractional clearance value
Ingestion (fast) Dose per Bg ingestion
Ingestion f1 (fast) Fractional transfer value
Abundance Fractional abundance for a naturally occurring isotope
Notes Notes about the selected nuclide
Frac. Metastable Fractional generation of the nuclide from its principal parent

The references to 'slow', 'medium' and 'fast' in the inhalation and ingestion fields refer to the definitions
given in ICRP?, Publication 68*? for uptake rates. Type S (slow) denotes an uptake rate by the
exposed tissue of 0.1% in 10 minutes (7000 days for 99.9% uptake), type M (medium) an uptake rate
of 10% in 10 minutes (140 days for 90% uptake) and type F (fast) an uptake rate of 100% in 10
minutes.

f1 values refer to the fraction of an intake which is taken up systemically following ingestion and to the
fraction cleared to the gut by the 'pulmonary ciliary escalator' following inhalation; these values are
consistent with ICRP, Publication 68. f1 values are a critical determinant of personal dose and are
highly dependent upon chemical form and, in the case of inhalation, upon particle size. The values
quoted in IAEA Safety Series 115® and used by the Health Physicist's Companion are those for either
'worst case' or commonplace radionuclide compounds (see Annexes E and F of ICRP 68).

Double-click anywhere in the grid or form background to 'toggle’ between single and multiple nuclide
display modes.

The grid headings can be mouse-dragged” to new
positions, thereby allowing you to alter the order of

v Headi columns in the grid; you can also use mouse-dragging
H o ize the col by dragging their boundaries. |
Recard Indicatar to resize the columns by dragging their boundaries. In
H o colect Record elther case, thg changes you _make are stored in the
H 0 Bl Lifss Ay 1 b-0.01862  registry and reinstated each time you run the Health
He | v FowLines Physicist's Companion.
He v Resize Columnsg ) ) ]
H Edit Data ] E You can 'toggle' on and off any combination of grid
& s =t options by right-clicking anywhere in the grid to display
He 2 8 0122s  0es b8 a pop-up menu. When you do this, the options shown

in the figure to the left are available.

You can edit the data stored in the nuclide database by clicking the 'Edit Data' menu item. When this
option is activated, the navigator button bar at the top-right of the page changes to include editing
functions; turn on the 'Show Component Pop-Up Hints' option in the 'Settings' menu to get information
about the function of each navigator button.

ICRP - International Commission on Radiological Protection.

Mouse-Dragging - is a Microsoft Windows term for a technique of moving or resizing an object on the screen. It's
achieved by selecting a screen object such as a grid or table heading with the mouse and then, simultaneously, moving
the mouse whilst keeping its left button depressed.
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Any changes you make to the database are permanent, so make sure that you have backed-up the
‘Nuclides.dbf', 'Nuclides.mdx' and ‘Nuclides.dbt' files in the 'DataFiles' sub-directory of the directory in
which the Health Physicist's Companion is installed, before proceeding. Alternatively, if you
purchased the software on CD, you can reinstate original data files from there. Any changes you
make to data in the database must conform to the specification described in the table below.

NB. During data editing of a particular record, the database is automatically updated when you select a new

record.

Database Field Name

Data Description

Display Grid Column Heading

ELEMENT

A

Z

HALFLIFE
ABUNDANCE

DECAY1
BETAALPHA1
DECAY2
BETAALPHA2
DECAY3
BETAALPHA3
DECAY4
BETAALPHA4
DECAYS
BETAALPHAS
DECAYG6
BETAALPHAG

DECAY7
GAMMA1
DECAY8
GAMMA2
DECAY9
GAMMAS
DECAY10
GAMMA4
DECAY11
GAMMAS
DECAY12
GAMMAG

NOTES
METSCALER
RESPAMADSS
RESPAMAD1S
RESPSF1
INGESTS
INGESTSF1
RESPAMADS5M
RESPAMAD1M
RESPMF1
INGESTM
INGESTMF1
RESPAMADSF
RESPAMAD1F
RESPFF1
INGESTF
INGESTFF1

Nuclide name

Atomic mass number
Atomic number
Nuclide Halflife
Fractional Abundance

Fractional decay by mode 1
Particulate Decay mode 1
Fractional decay by mode 2
Particulate Decay mode 2
Fractional decay by mode 3
Particulate Decay mode 3
Fractional decay by mode 4
Particulate Decay mode 4
Fractional decay by mode 5
Particulate Decay mode 5
Fractional decay by mode 6
Particulate Decay mode 6

Fractional decay by gamma mode 1
Gamma mode 1
Fractional decay by gamma mode 2
Gamma mode 2
Fractional decay by gamma mode 3
Gamma mode 3
Fractional decay by gamma mode 4
Gamma mode 4
Fractional decay by gamma mode 5
Gamma mode 5
Fractional decay by gamma mode 6
Gamma mode 6

Miscellaneous Notes

Fractional Yield

Dose per Bq inhaled (5 micron AMAD)
Dose per Bq inhaled (1 micron AMAD)
Lung clearance factor (f1)

Dose per Bq ingested

Gut transfer factor (f1)

Dose per Bq inhaled (5 micron AMAD)
Dose per Bq inhaled (1 micron AMAD)
Lung clearance factor (f1)

Dose per Bq ingested

Gut transfer factor (f1)

Dose per Bq inhaled (5 micron AMAD)
Dose per Bq inhaled (1 micron AMAD)
Lung clearance factor (f1)

Dose per Bq ingested

Gut transfer factor (f1)

Element

A

4

Halflife
Abundance

x100%
Decay 1
x100%
Decay 2
x100%
Decay 3
x100%
Decay 4
x100%
Decay 5
x100%
Decay 6

x100%
Gamma 1
x100%
Gamma 2
x100%
Gamma 3
x100%
Gamma 4
x100%
Gamma 5
x100%
Gamma 6

Notes

Fract. Metastable

Inhale 5 microns slow
Inhale 1 microns slow
Inhale f1 (slow)

Ingestion (slow)
Ingestion f1 (slow)

Inhale 5 microns medium
Inhale 1 microns medium
Inhale f1 (medium)
Ingestion (medium)
Ingestion f1 (medium)
Inhale 5 microns fast
Inhale 1 microns fast
Inhale f1 (fast)

Ingestion (fast)

Ingestion f1 (fast)
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Using the menus

The menu bar at the top of the page is specific to the page being displayed. When the Nuclide
Selection page is selected, the following options are available.

Choose:
'Form' to display data for each nuclide that matches your
selection criteria or 'Table' to display a data grid of all nuclides VO Cocet Seftings Frint Help

that match your selection criteria.

Table  felection |Nuclide

Choose:

'Cllear page’ to clear data in the currently selected page or ‘Clear [ Health Physicist's Companion
All" to clear data in all pages. View WEEM Settings:  Prnt Help

Mue [ |Nuo|ide
,_ Clear Page .

Choose:
‘Set Form Colour' to chang_e thg background colour of the main
form; 'Scale Form on Re-size' if you want all components on the Vi - —

. . i iew  Fezet 9 Frint Help
form to resize automatically when you change the size of the T .
form; 'Show Component Pop-Up Hints' if you want to view a Muclide y Se |°'Fm ':'DUL‘ . clide
small help dialogue as you move the mouse over components el T B TEses
within the form or 'Show Tip of the Day at Start-up' if you want to
view a useful hints dialogue every time you run the Health
Physicist's Companion.

8 v Show Component Pop-up Hints
QUI Ck v Show Tip of the day' at Start-up

NB. New settings are permanently stored so that, each time you use the Health Physicist's Companion, your
preferences are reinstated.

Choose:
To print a table of all nuclides in the database, select 'All Nuclides
(decay data)' or 'All Nuclides (intake data)'. To print a table of View Resst Seftings Help

nuclides you have selected for display, select 'Selected Nuclides

(decay data)' or 'Selected Nuclides (intake data)'. Nuclide Selectio  AlNucldes [decay data)

All Muclides [intake data)
Qui Ck Flnd . Selected Muclides [decay data)

Selected Muclides [intake data)

Choose:

‘Contents' to display the Companion's help contents, index and
search dialogue; 'Data Sources' for information about the data ‘iew Fesst Settings Frint

sources the Companion uses for its calculations; 'Radiation Muclide Selaction |N Cantents

Tutorial' for summary information about ionising radiation; Data Sources [bibliography)
'Legislation' for information about ionising radiation legislation in Quick Find : [ el i)

the United Kingdom; 'Calculator' to open the HP Calculator IE:?SJ::E? £ ’
utility; 'HP C_or_npanlon Reg_lstratl_on' to register your copy of the =z | - o
Health Physicist's Companion with Syberad; 'Contact Syberad' Contact Syberad >
for information about how to contact Syberad or ‘About’ for Ml Abaut

information on the version of the Health Physicist's Companion
you currently have installed on your PC.
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Chapter 2 - Nuclide Data Page

The Nuclide Data page displays additional information about the radionuclide that is selected in the
Nuclide Selection page; an example is shown in Figure 4. It is not possible to access this page until
you have selected a radionuclide.

Figure 4 - Screen-shot of the Nuclide Data page

[ H=alth Fhysicsst’s Companion

Reset Selingt Pt Help
Nuclide Selection Muclide Data | Nuclide Asssssment| Physical Data| Urits | Serial Decay | X-ray Sets|

Selected nuclide: Sb124

Gamma | Energy | Attenuation Coefficient Data Mass Energy-alisarption cm2ig) x|

Mo e | Ar | Water | Muscle | Bone | P Al Concrate

| F1 | 0em7 IZ.ﬁBE-Z .E.EJE-Z IE.EAE-Z .3.EE?E-2 IE.EIBE-Z IZ.ElE-Z .3.D|5E-2
V32 18391 2547E2 |(2E33E2 (2B08E2 |2B623E-2 |2BAD0E-2 |2451E2 (2E95E2
F3 0727 (2BI3ED |3EE2 (3ATFE2 (JO73ED  |4BMED (277BED | 2.040E-2
W4 2m8 234562 |2E0BE-2 |25Q4E2 |24ME2 (2350E2 |22G6E2 |2.FSED
F 5 1363 2BGEED |28G5E-) |263BED |J7ASED (DBABED |2BAEED | 2T1BE-2
M8 1452 [2799E2 (310362 |I07AE2 |2B7SE-2 (3GS4E2 |2BIEE2 | 2BM3ED

| Decay constant | Beta Emission Data
A = 1.33265E.7 fsecond [Linear range (cm) H infar [

3 MeV range = 93553 G MeV range = B08 57
& MeV range = 152.81 7 MeV range = 643 49
2 MeV range = 35932 4 MeV range = 3252

Information about the components shown in Figure 4

camma This column allows you to select or deselect gamma emissions for use by the Nuclide
Mode AsSsessment page calculator.

Energy  1his column shows the selected radionuclide's gamma emission energies in mega-
(Mev)  €lectronvolts (MeV).

¥ 1 Tick (check) this box if you want to include this gamma emission in any calculations you set up in
the Nuclide Assessment page; the default setting is ticked (checked). NB. The default is set
whenever you change the selected nuclide in the Nuclide Selection page.

o || wEer || sel | Eme Fb A lconeee|  This table shows the absorption coefficients for the

2953E2 [3.284E-2 |3.254E2 |3052E2 |6B19E-2 |2B51E2 |3.015E-2 selected radionuclide's gamma emissions.

JE47ED |2833E2 |2B0BED |2E23E2 |2BAOED |2451E2 |2595E2 ) . .
agmE2 |3amME2 |3177E2 297382 4BmE2 27E2 2swme2 | YOU can display either the mass attenuation

2:sE2 |2608E2 (2584E2 (242162 23802 22meE2 232 | coefficient or the mass energy-absorption coefficient
20052 |2%6E2 |20%WE2 |274SEZ 29WE2 25E2 27BEZ | py selecting the appropriate quantity and display unit
2789E2 |303E2 |3074E2 |2875E2 |3BS4E2 | 2BSBE2 2B43E2 | . X .

in the drop-down field at the top-right of the page.

Decay constant Displays the decay constant (I ) for the currently selected radionuclide. The decay
A - 1232058 7/seccnd  CONStant takes the unit s .
_ log, 2
Radionuclide halflife

Where radionuclide halflife is measured in seconds.

Beta Emission Data

The fields at the bottom-right of the form allow you to display data about the following quantities.

All data computed by the Calculator are based on a fractional decay value of unity for each beta
particle emission energy exhibited by the selected radionuclide. You should scale computed values
by the applicable fractional decay value shown in the Nuclide Selection page to obtain a final estimate
of these quantities.



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 12 of 96

Attenuation

Linear range (cm)

Beta particle linear range, in centimetres, is computed from the decay transition's maximum
emission energy E(max) .

Mass thickness range as:
grammes per square centimetre
grammes per square metre
kilogrammes per square centimetre
kilogrammes per square metre

NB. Beta emission ranges, in units of mass-thickness, are largely independent of shield
type, this field is therefore not displayed when these units are selected.

The empirical formulae used by the Calculator to compute beta particle range have the form:

R — 412 El.265- 0.0954InE
For 0.01<=E<=2.5

R =530E - 106
For E>2.5

Where:
R = beta particle range for energy Eax in mg cm?and E = beta particle energy Egax in MeV.

Dose rate

Dose rate constants for both beta Emax and Egyeragey Can be displayed and are given in
sieverts per hour per unit activity.

NB. Calculated values do not take account of beta emission fractional decay; 100% decay by
each beta mode exhibited by the selected nuclide is assumed.

The data used by the calculator were sourced from ICRP, Publication 51%“%, 1987 (Table 26,
page 44); these were developed from Monte Carlo calculations for a 30 cm thick, semi-infinite
slab phantom exposed to mono-energetic radiation in a parallel beam geometry. These data
should therefore be applied with caution to other exposure geometries, such as close
proximity exposure to a point source (i.e. a non parallel beam), and exposure to beta radiation
fields which are, by their very nature, multi-energetic. However, from a radiation protection
perspective, the figures computed by the Calculator will err on the side of safety for most
exposure geometries.

The skin dose rate value is taken to be the maximum equivalent dose rate arising in any tissue
exposed to the radiation field. Due to the way in which beta particles are absorbed in the
body, the maximum dose rate occurs in superficial tissues such as the skin. Beta particles of
energies less than 70 keV are unable to penetrate the dead, cornified layer of the epidermis
(assumed to have a mass thickness of 7mg cm™ or linear thickness of 0.07mm), the
Calculator therefore does not compute data for energies below this value.

The deep dose rate value is taken to be that arising in tissue at a depth of 10 mm. Whole-
body effective dose is usually measured at this depth using some form of personal dosemeter
and so this value gives a useful indication of the beta radiation field contribution to whole-body
exposure. Beta particle energies below 2 MeV aren't able to penetrate tissue to a depth of

10 mm; deep dose values are therefore not computed for energies below this value.

In practice, dose rates greatly depend upon clothing type; attenuation factors typically range
between 3-5 for light clothing but may be as high as 1000 for heavy clothing.

Contamination dose rate

Skin dose arising from contamination is difficult to measure and so is usually calculated.
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The dose rate constants computed by the Calculator apply to that sustained by the basal layer
of the skin (assumed to be 70 mm in depth) when exposed to beta particles or electrons. The
gamma contribution to the dose rate is generally only a few per cent for most beta/gamma
radionuclides.

The Calculator uses the dose rate constants listed in the table below. These are given as
dose equivalent to the skinin units of nSv per hour per becquerel per square centimetre.®"

Radionuclide Dose Equivalent - uSv h™* (Bq cm?)™*
H-3 0
C-14 0.32
F-18 1.90
Na-22 1.70
Na-24 2.20
Al-26 1.80
P-32 1.90
P-33 0.86
S-35 0.35
CI-36 1.80
K-40 1.50
K-42 2.20
K-43 1.90
Ca-45 0.84
Ca-47/Sc-47 3.50
Sc-46 1.40
Sc-47 1.50
Cr-51 0.02
Mn-52 0.76
Mn-54 0.06
Mn-56 2.40
Fe-52 1.10
Fe-55 0.02
Fe-59 0.97
Co-56 0.55
Co-57 0.12
Co-58 0.30
Co-60 0.78
Ni-63 0
Ni-65 2.20
Cu-64 1.00
Cu-67 1.30
Zn-65 0.08
Ga-66 1.60
Ga-67 0.35
Ga-68 1.80
As-76 2.10
Se-75 0.14
Br-77 0.01
Br-82 1.50
Rb-87 1.90
Sr-85 0.06
Sr-89 1.80
Sr-90/Y-90 3.50
Y-90 2.00
Zr-95/Nb-95 1.60
Mo-99/Tc-99m 1.90
Tc-99m 0.25
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Radionuclide Dose Equivalent - uSv h™ (Bq cm®)™
Tc-99 1.20
Ru-103/Rh-103m 0.78
Ru-106/Rh-106 2.20
Ag-110m 0.68
Ag-111 1.80
Cd-109 0.54
In-111 0.38
In-113m 0.73
In-115m 1.30
Sn-125 2.30
Sb-122 2.20
Sbh-124 2.20
Sb-126 1.80
Te-123m 1.10
Te-132 0.78
1-123 0.38
1-124 0.52
1-125 0.02
1-131 1.60
Cs-131 0.01
Cs-134 1.40
Cs-137 1.60
Ba-133 0.13
Ba-140/La-140 3.80
La-140 2.10
Ce-139 0.49
Ce-141 1.80
Ce-143 2.00
Pr-143 1.70
Pm-147 0.60
Sm-153 1.60
Eu-152 0.92
Eu-154 2.10
Eu-156 1.20
Er-169 1.10
Yb-169 1.00
Re-186 1.80
Re-188 2.30
Ir-192 1.90
Au-198 1.70
Hg-197 0.09
Hg-203 0.90
TI-201 0.27
TI-204 1.60
Pb-210 0.01
Po-210 6.90E-07
U-235 0.18
U-238 2.30E-03
Pu-238 3.70E-03
Pu-239 1.40E-03
Am-241 0.02
Cm-244 2.20E-03
Cf-252 3.20E-03

Data reproduced by kind permission of Nuclear Technology Publishing ¥
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For other radionuclides, the dose rate constant is based on an empirical 'rule of thumb' of
2.4 micro-sieverts per hour per becquerel per square centimetre.

NB. This 'rule of thumb' does not take account of beta emission fractional decay; 100% decay
by each beta mode exhibited by the selected nuclide is assumed.

Energy Flux
The Calculator computes values in joules per second per square metre.

NB. Calculated values do not take account of beta emission fractional decay; 100% decay by
each beta mode exhibited by the selected nuclide is assumed.

By convention, beta decay transitions are specified in terms of the maximum energy, E(max), that can
be imparted to the ejected electron; this ensures that, in radiation protection calculations, beta hazards
are never under-estimated. As a rough guide, the average beta particle energy, E(av), for a given
decay transition is typically around a third of E(max).

23 mevrange-93553  Displays the calculated range for each of the currently selected radionuclide's beta
06 MeY range = 18281 emissions. The unit for this quantity is selected in the drop-down list field at the
0.2 MeVrangs =38932 top-right of the form.

|f”'~ir 1 Sets the material to be used for beta emission range calculation. The Calculator uses
the following density values:

Air - (1 bar, 20° C, 50% relative humidity & 0.04% CO5) 1.184 x 107 gcm?

Water 1.000 "

Plastic - ( polyvinylchloride - PVC) 1.300 "

Aluminium 2.698
|Linear range (crm) = select the quantity for which you wish to view data relating to each of the

beta decay energies of the currently selected radionuclide. All data computed by the Calculator are
based on a fractional decay value of unity for each beta particle emission energy exhibited by the
selected radionuclide. You should scale computed values by the applicable fractional decay value
shown in the Nuclide Selection page to obtain a final estimate of these quantities.

[Mass Enery-absarption cm2ig) 5] Sets the absorption coefficient unit for the display of calculated data.

Using the menus

The following menu options are available on this page:

Choose:

'Clear page' to clear data in the currently selected page or 'Clear
All' to clear data in all pages.

Settings  Print Help

Clear all ~ti on il
Clear Page

Choose:

‘Set Form Colour' to change the background colour of the main

form; 'Scale Form on Resize' if you want all components on the seting: I

form to resize automatically when you change the size of the

form; 'Show Component Pop-Up Hints' if you want to view a Mugl ~ SetFomColowr |

small help dialogue as you move the mouse over components r v Seale Fom on fissize
S

within the form or 'Show Tip of the Day at Start-up' if you want to el ¥ g:ow ﬁ?mpf&enépo,pt‘sptHTts
view a useful hints dialogue every time you run the Health o sl el e el St
Physicist's Companion.

NB. New settings are stored for reinstatement each time you use the Health Physicist's Companion.

Prints a screen-shot of the data in the displayed page. [ Health Physicist's Compani
Reset  Settings Help
MNuclide Selection  MNuc
I
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Choose:

‘Contents’ to display the Companion's help contents, index and
search dialogue; 'Data Sources' for information about the data
sources the Companion uses for its calculations; 'Radiation
Tutorial' for summary information about ionising radiation;
‘Legislation’ for information about ionising radiation legislation in
the United Kingdom; 'Calculator' to open the HP Calculator
utility; 'HP Companion Registration' to register your copy of the
Health Physicist's Companion with Syberad; 'Contact Syberad'
for information about how to contact Syberad or '‘About’ for
information on the version of the Health Physicist's Companion
you currently have installed on your PC.

[]Health Physicist's Companion

Reset  Settings

Frritt

Muclide Selectic

Selected nuc

Zamma
MMode

Ene
i

Help
Cantents
Data Sources [bibliography]
Fiadiation Tutarial
Legislation
Calculatar
HF Campanion Begistration
Contact Syberad
About

F2
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Chapter 3 - Nuclide Assessment Page

The Nuclide Assessment page allows you to complete decayed radioactivity, gamma emission dose
rate and shielding calculations; an example is shown in Figure 5. You can also carry out ‘capped'

dose rate calculations using this page.

Figure 5 - Screen-shot of the Nuclide Assessment page

[ Health P C M=

i
Nuclide Se\ect\on| Nuclide Data Nuclide Assessment | Physical Data| Units | Serial Decay')(—ray Sets|

Precision : [P 3:

Selected Nuclide:  Na 22

Source Data:
Activity  [1E3

Time |‘\

|b9cquerel5

[
|Secoﬂd5 J
|me{res |

[

(i} [Atuminium

1,300 e/ BF = 1.010 &t 0.015 mfp =l-Beam Geametry ————
6EF error better than +- 5 © Narrow
@ Broad {infinite barrier)
| C Broan finte bariery

Distance |1 0

Absorber |1

T Use gamma yields
™ Positron annihilation

Decayed Activity

Calculated Data
Z [Element| A | Halfife | x100% | Decay 1 | x100 % | Decay2 | x100 %=
11 MNa 2 2802y 08 bHIES 0.1 K 5

[1E3

|becquerel5 j

Dose rates in &l I1 BE.0

bone [1 6E-

water [17E-9
muscle |1 TE-9

[mill-sieverts 5
|per hour j

Information about the components shown in Figure 5

Activity |1

Time |1

Quantity radioactivity of the source. The Calculator assumes that this
value relates to a point source.

Exposure time. Enter zero if you want dose calculations to be based
upon the activity value entered in the field above. If this activity value is

that after decay has taken place, and you want to know the activity at some time in the past, enter the

time value as a negative number.

Distance between the measurement or exposure plane and the

Distance |1 fance
radioactive source.
Absarber | Absorber/shield thickness in millimetres.

[pecquerels =l Radioactivity unit used in calculations.

|seconds zl Exposure time unit used in calculations.

[metres =l Distance unit used in calculations.

[No Shield =l Shield material used in dose rate calculations. Density values are as follows.

Material Density (kg m™)

lead 11343
aluminium 2698
concrete 2360
barytes concrete (high density) 3210
uranium 19050
iron 7873
tin 7285
copper 8933
bismuth 9803
glass (lead) 4360
polystyrene 1065
polythene 1375
polyvinyl chloride (PVC) 1350
air 1.2
water 1000
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& Marrow
" Broad {infinite barrier)

Beam Geometv————  Beam geometry to be used in dose calculations.
|7(".- Broad (finite barrier)

|;ég?:ueh:|r‘ao\ff;:r1£::iﬂs.087mip Displays the calculated build-up factor for each selected gamma emission (i.e.

selected in the Nuclide Data page) of the currently selected radionuclide (i.e.
selected in the Nuclide Selection page) together with the shield thicknesses, in mean free paths, at
which the largest curve-fit errors occur.

The mean free path length is numerically equal to the reciprocal of the linear attenuation coefficient
applicable to a particular photon (or particle) energy; it is also sometimes referred to as the relaxation
length. The dimensionless product of the linear attenuation coefficient and linear shield thickness,
gives the shield's 'depth' in mean free paths.

NB. The linear attenuation coefficient mis not the same quantity as the mass attenuation or mass
energy-absorption coefficients. See Chapter 11 for more information on these quantities.

0 Use gammayields  Tick (check) this box to scale dose rates in accordance with the fractional decay
coefficients for each of the selected radionuclide's gamma decay modes. When left unticked
(unchecked), a fractional decay value of unity is assumed for each gamma decay mode. This tick
(check) box is also relevant to the 'Positron annihilation' tick (check) box, see below.

NB. You can exclude individual gamma decay modes for the selected radionuclide by going to the
Nuclide Data page and de-selecting the relevant emission tick (check) boxes.

[0 Pesitron annihilation  If the selected radionuclide exhibits positron decay modes, tick (check) this box to
include positron annihilation dose rates. Positrons have a range in matter comparable to that of beta
particles and are ultimately 'converted' to 0.511 MeV photon pairs when they encounter an electron in
an absorbing medium. Therefore, from a practical health physics standpoint, annihilation should be
included in dose calculations in circumstances where positron range is smaller than the thickness of
the radioactive material's substrate or encapsulation. For open sources and surface contamination
assessments, this assumption will be invalid because annihilation will principally occur at some
distance from the radioactive material, typically in air, or in the detection medium itself.

If 'Use gamma yields'is also ticked (checked), the dose due to annihilation is scaled by the total
fractional decay for all positron modes exhibited by the selected radionuclide; this value is added to
the total gamma dose (if applicable) shown in the fields at the bottom of the form. If 'Use gamma
yields' is unticked (unchecked), a fractional decay value of unity is assumed for positron decay.

Z [ EIEment | A | HaiiE | 00 % | Bezay 1| amn v | beeap2 Jwione|  The data formats for the nuclide database's

42 Mo 93 EE0%h  D.82 b121 047 b-0436 001 fields are as follows.
Column Heading Detail
Element Abbreviated element name
A Atomic mass number
Z Atomic number
Halflife Radionuclide halflife (if applicable) where:

y=years, d=days, h=hours, m=minutes and s=seconds

Decay (n) Decay mode and energy in MeV where:
b- beta b+ positron
K electron capture m  metastable state
a alpha SF spontaneous fission
p proton N neutron

IT  isomeric transition
Gamma (n) Gamma emission energy in MeV

X100% Percentage decay by mode(n)

Inhale 5 micron (slow) Dose per Bq inhalation of a 5 micron AMAD aerosol




HPC User Manual (Version 1.4.2) - & Syberad Ltd - 2002

Page 19 of 96

Column Heading

Detail

Inhale 1 micron (slow)
Inhale f1 (slow)
Ingestion (slow)
Ingestion f1 (slow)
Inhale 5 micron (med.)
Inhale 1 micron (med.)

Dose per Bq inhalation of a 1 micron AMAD aerosol
Fractional clearance value

Dose per Bg ingestion

Fractional transfer value

Dose per Bq inhalation of a 5 micron AMAD aerosol
Dose per Bg inhalation of a 1 micron AMAD aerosol

Fractional clearance value

Dose per Bg ingestion

Fractional transfer value

Dose per Bg inhalation of a 5 micron AMAD aerosol
Dose per Bq inhalation of a 1 micron AMAD aerosol
Fractional clearance value

Dose per Bg ingestion

Fractional transfer value

Inhale f1 (med.)
Ingestion (med.)
Ingestion f1 (med.)
Inhale 5 micron (fast)
Inhale 1 micron (fast)
Inhale f1 (fast)
Ingestion (fast)
Ingestion f1 (fast)

Abundance Fractional abundance for a naturally occurring isotope
Notes Notes about the selected nuclide
Frac. Metastable Fractional generation of the nuclide from its principal parent

The references to 'slow’, ‘medium' and 'fast' in the inhalation and ingestion fields refer to the definitions
given in ICRP, Publication 68*? for uptake rates. Type S (slow) denotes an uptake rate by the
exposed tissue of 0.1% in 10 minutes (7000 days for 99.9% uptake), type M (medium) an uptake rate
of 10% in 10 minutes (140 days for 90% uptake) and type F (fast) an uptake rate of 100% in 10
minutes.

f1 values refer to the fraction of an intake which is taken up systemically following ingestion and to the
fraction cleared to the gut by the 'pulmonary ciliary escalator' following inhalation; these values are
consistent with ICRP, Publication 68. f1 values are a critical determinant of personal dose and are
highly dependent upon chemical form and, in the case of inhalation, upon particle size. The values
quoted in IAEA Safety Series 115® and used by the Health Physicist's Companion are those for either
'worst case' or commonplace radionuclide compounds (see Annexes E and F of ICRP 68).

The grid headings can be mouse-dragged® to new positions, thereby allowing you to alter the order of
columns in the grid; you can also use mouse-dragging to resize the columns by dragging their
boundaries.

Decayed Activity [1415370526E11 Displays the calculated decayed radioactivity for the
entered data. The adjacent drop-down list field selects the quantity radioactivity unit to be used by the
Calculator.

- Specifies the absorber or target material for ‘capped' dose rate calculations.

caPDOSE oM This panel tells you when the ‘capped' dose rate option is enabled.

P | Click this button to clear the ‘capped' dose rate calculation fields and reinstate the
original quantity radioactivity, time, distance and absorber values.

|7.5E-6 [ Dose value used in 'capped' dose rate calculations.
|sieverts g '‘Capped' dose rate unit used in calculations.

|per hour [ Dose rate time unit used in calculations.

®  Mouse-Dragging - is a Microsoft Windows term for a technique of moving or resizing an object on the screen. It's

achieved by selecting a screen object such as a grid or table heading with the mouse and then, simultaneously, moving
the mouse whilst keeping its left button depressed.
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[Activity 5| \Variable the Calculator adjusts to set the 'capped' dose rate.

air  [0.027 water [0.03003180212 These fields display calculated dose rates for air,
water, bone and muscle.

bone |0.02780565371 muscle |0.02976678445

Calculated value display precision. Dose calculator precision is not affected by the value
selected in this spin box; calculated data are simply rounded to this precision for the purpose of
display.

The Nuclide Assessment page is only accessible after you have selected a radionuclide in the Nuclide
Selection page. If you try to access the page when a radionuclide is not selected, the following
message box appears.

Warning When you access the Nuclide Assessment page for the first time, the
_ _ user-input fields are empty and no calculated data are displayed. As
@ o e e i | YOU enter or amend these fields, calculated results appear and are
updated automatically.

The 'Use decay ratios' tick-box (check-box) at the bottom of the page
allows you to include fractional decay values in dose rate calculations. When this box is unticked
(unchecked), the Calculator assumes a value of unity for each of the selected radionuclide's photon
emissions that you want included in calculations. You can specify which gamma emissions to include
in calculations by going to the Nuclide Data page and ticking (checking) the appropriate boxes.

The nuclide assessment calculator operates in real time; it updates all calculated results, relevant to
your data entries, as you make them and will recalculate dose rates when you select a new
radionuclide in the Nuclide Selection page.

How do | calculate decayed radioactivity?

To display a calculated decayed radioactivity, you must enter two data values: an initial quantity
radioactivity and a decay time. Use the drop-down list fields next to these edit fields to select the units
you want the nuclide assessment calculator to use in its calculations.

Decayed radioactivity can be displayed in becquerels or curies; use the drop-down list field next to the
decayed radioactivity field to select the unit you wish to use.

How do | calculate dose rates?

The Health Physicist's Companion contains comprehensive mass energy-absorption and mass
attenuation coefficient data which are accessible from the Physical Data page. These data are used
by the Calculator to determine dose rates and shielding performance; mass energy-absorption
coefficient data are used in dose rate calculations and mass attenuation coefficient data in shielding
calculations. The Calculator is able to compute dose rates, arising from exposure to an isotropic
source, in four materials: air, water, bone and muscle.

The Calculator evaluates and sums the dose rates for each of the selected radionuclide's photon
emissions you have selected for assessment in the Nuclide Data page. Results are then scaled by
the applicable fractional decay factor that applies to each emission (if you have selected this option)
and displayed in the fields at the bottom-right of the page. Calculation precision is determined by the
value you select in the spin-box at the top-right of the page.

The Calculator infers absorbed dose rate in gray (Gy) from an evaluation of the product of the photon
energy flux density (J m? s'l), at a hypothetical spherical surface located at your entered distance
value, and the applicable mass energy-absorption coefficient (m2 kg'l). For low linear energy
transfer (LET) radiation such as gamma and x-rays, absorbed dose is numerically equal to equivalent
dose in sieverts (Sv) and so, since this quantity is of most interest in radiation protection, the
Calculator displays dose rates in sieverts rather than gray. See Chapter 12 for more information.

The dose rate computation essentially yields the total charged particle kinetic energy production rate
per unit mass (kerma rate), rather than the energy absorption rate (absorbed dose), resulting from
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photoelectric, Compton and pair/triplet production interactions in the absorbing material (i.e. the
detection medium). In most radiation protection scenarios, if electronic equilibrium has been
established in the absorbing material, kerma rate is essentially numerically equal to absorbed dose
rate. However, in this regard, the following caveats apply:

Unlike kerma, the absorbed dose computation made by the Calculator includes adjustment for
bremsstrahlung and x-ray fluorescence ‘'losses' from the charged particle fluence generated by
the primary photon fluence (the so-called 'uncollided' photon fluence). This essentially arises
from differences in the definitions of the mass energy-transfer and mass energy-absorption
coefficient. See Chapter 11 for more information.

Rayleigh scatter (coherent scatter) is not included in the absorbed dose computation because
it doesn't produce significant charged particle kinetic energy within the absorbing medium.

The mass energy-absorption coefficient definition only includes photon interaction cross-
sections for primary absorption processes. The effect upon charged particle production rate of
Compton-scattered photon absorption and positron annihilation photon absorption following
pair/triplet production interactions (so-called 'collided' photon fluence interactions) is not
included in the Calculator's dose rate computations.

However, for irradiation geometries of typical interest to radiation protection professionals, the
contribution to absorbed dose in low atomic number (Z) absorbers, such as soft tissue, of the
‘collided’ photon fluence is not significant at energies below a few MeV. This is because
operational dose quantities such as personal dose equivalent are defined in relation to target
volumes that are superficial (0.07 and 1000 mg cm'z) and, in terms of the way in which such
quantities are measured (i.e. by filmbadge, TLD or portable monitor), to target volumes that
are relatively small compared to the average mean free path of the 'collided' photon fluence.

In most radiation protection scenarios, apart from the need to always consider electronic
equilibrium factors, soft tissue absorbed dose is largely independent of target volume location
within the body at primary photon energies up to 0.5MeV.

At photon energies greater than 0.5MeV, deep tissue absorbed dose increasingly begins to fall
below that for superficial tissue as the effect of primary photon attenuation becomes more
dominant than ‘collided' photon fluence build-up effects.

The absorbed dose build-up factor resulting from 'collided’ photon fluence interactions within
target volumes is always significant in medical applications such as radiotherapy dose
planning; here absorbed dose contours throughout a patient's body need to be accurately
determined in order to achieve an appropriate balance between treatment efficacy and patient
post-irradiation survival.

Charged particle or electronic equilibrium (CPE) is the condition whereby the photoelectron fluence,
caused by a beam of photons as it propagates through a finite element of an absorbing medium, is
solely a function of the beam's photon fluence and not a function of the element's position relative to
any boundary of the absorbing medium.

Photoelectrons produced by the absorption of photons that are propagating through matter will have
random trajectories and may not follow the trajectories of the photons that give rise to them. It follows
therefore that the photoelectron fluence within a finite element of an absorbing medium is comprised
of photoelectrons that have been created within it and those that have entered it from surrounding
elements. The photoelectron fluence will therefore increase up to a maximal value as a photon beam
begins to enter a more dense material and, conversely, will reduce to a minimal value when it begins
to enter a less dense material (so-called beam entry and exit effects).

As a general rule, CPE can be considered to have been established in a detection or target material
once its thickness exceeds the mean free path of the most energetic photoelectrons generated within
it. For 1 MeV photoelectrons, this distance is approximately 400mm in air and 0.5mm in water.

NB. Dose rate calculations made by the Health Physicist's Companion for gamma emitting
radionuclides assume that CPE has been established in the detector or target material. If this is not
true for the irradiation geometry of interest, computed dose rates will be inaccurate. In practice, most
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radiation detectors are designed to establish electronic equilibrium within their own detection volume
and so, if you only want to know the dose rate at an operational location such as a work area, you may
use the Calculator's dose rate results without further consideration. However, if you want to correctly
infer dose rates in superficial tissue, you must know to what extent the radiation field is in 'electronic
equilibrium’.

Including positron annihilation effects in dose calculations

For radionuclides that exhibit positron decay modes, you can include the positron annihilation
contribution to dose rate in your calculations. To do this, select the 'Positron Annihilation' tick (check)
box. This box is only enabled when the selected radionuclide exhibits positron decay modes.

Positrons have a limited range in matter and are ultimately ‘converted’ to 0.511 MeV photon pairs
when they encounter an electron in an absorber. Therefore, from a practical health physics
standpoint, annihilation should be included in dose calculations in circumstances where positron range
is smaller than the thickness of the radioactive material's substrate or encapsulation. For open
sources and surface contamination assessments, this assumption will be invalid because annihilation
will principally occur at some distance from the radioactive material, typically in air, or in the detection
medium itself.

If 'Use gamma yields' is also ticked (checked), the dose due to annihilation is scaled by the total
fractional decay for all positron modes exhibited by the selected radionuclide; this value is added to
the total gamma dose (if applicable) shown in the fields at the bottom of the form. If 'Use gamma
yields' is unticked (unchecked), a fractional decay value of unity is assumed for positron decay. For
more information about absorbed dose rate calculation, see Chapter 11.

You should bear in mind that the Calculator determines dose rates at a hypothetical surface rather
than an actual volume; dose rates will therefore be overestimated for 'targets' that have a significant
thickness in relation to their distance from the source. This effect is due to the inverse square law®,
see diagrams below.

: i
Intensity = 2

Intensity = 1/d

Point Source Line Source

To calculate dose rates, you must enter a valid quantity radioactivity, decay time, source-to-exposure
point separation distance and, optionally, a shield thickness. Calculated dose rates are based on the
decayed radioactivity, not the original radioactivity. If you want to exclude radioactive decay, enter
zero in the decay time field.

Calculated dose rates can be displayed in a number of dose and time units; use the drop-down list
fields next to the dose rate fields to select the units you want the Calculator to use.

Waming If the Calculator can't determine valid dose rates for all four
'target’ materials, the error box shown-left is displayed.

Calculated dose rates are effectively zero either because
the time, distance, or shielding values are too large or

because the activity value is o3 low. When you close this message box, the dose rate fields will
not be displayed; instead, an error message will flash on
the screen. See Figure 6.

Inverse Square Law - Used to describe the way in which the radiation field produced by a point source reduces in inverse
proportion to the square of the distance (D) separating it from the measurement point or surface; i.e. radiation intensity is
proportional to D,
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Figure 6 - Dose calculation error

DHealth Physicist's Companion

Resel Seltings Print Help
Nuclide Se\aot\on' Muclide Data Nuclide Assessment | Physical Data| Units | Serial Deoay| Kray Sets'

Selected Nuclide:  Co 60 Precision” [p 2]
Source Data: P———
Activity |1 [oecquersts H | ear Conuscle
Time  [1E3 fyears B ’7(‘ pratergiciBone Clear |
Distance 1 [metres o [ AT
Absorber |7E4 (mm) |A\um\mum j

,7

Beam Geometry

@ Narrow

 Broad {infinite barrier) |
 Broad dinite barriery

Z [Element| A | Halfife | x100% | Decay ! | x100 % | Decay2 | x100 %=
27 o B0 527y 09992 bO3ITE Bed  b14911 GeS

Calculated Data

Decayed Activity |7 8E-58 |becquera\5 j
CALCULATED DOSES OUT OF RANGE: AMEND YOUR DATA ENTRIES

How do | calculate shielding requirements?

The dose rate calculator allows you to evaluate the effect of shielding placed between the source and
the measurement location. You can enter a shielding thickness in millimetres in the 'Absorber field
and select a shielding material at any time during calculations; the effect upon calculated dose rates is
computed in real time as you enter and edit shielding data. The shielding densities used by the
Calculator are as follows.

Material Density (kg m™)
lead 11343
aluminium 2698
concrete 2360
barytes concrete (high density) 3210
uranium 19050
iron 7873
tin 7285
copper 8933
bismuth 9803
glass (lead) 4360
polystyrene 1065
polythene 1375
polyvinyl chloride (PVC) 1350
air 1.2
water 1000

The Calculator allows you to specify any of three shield irradiation geometries; 'Narrow', 'Broad
(infinite barrier)' and 'Broad (finite barrier)'.

‘Narrow' refers to the exposure condition that typically arises when a thin shield is irradiated by a
collimated beam; this geometry is often referred to as narrow-beam irradiation. For this irradiation
geometry, the Calculator evaluates shielding attenuation as follows.

Fractional transmission of 'uncollided' fluence (i.e. primary beam extinction) = Noe' mm,

Where:

Initial photon fluence

I\Io
M = Mass attenuation coefficient applicable to the photon energy (m? kg™)

m,

This computation only takes account of interaction processes that directly remove primary photons
from the radiation field namely, photoelectric absorption, Compton scatter and pair and triplet

Mass thickness of the absorbing material (kg m™)
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production. Narrow-beam attenuation is therefore primarily an interaction probability function of
photons interacting with the shielding material for the first time (so-called 'uncollided' beam
interactions).

Partial energy absorption events, such as Compton scatter and pair/triplet production interactions, are
not completely accounted for in the 'narrow' attenuation calculation because these processes produce
'secondary' photons which have yet to interact with the shielding material.

'‘Broad (finite barrier)' and 'Broad (infinite barrier)' are two irradiation geometries that typically arise in
thick shields and in circumstances where the beam incident on a shield is uncollimated. Both
exposure conditions are often referred to as broad-beam irradiation. For this irradiation geometry, the
Calculator evaluates attenuation in the same way as for the 'narrow' irradiation condition, but then
applies a build-up factor to take account of the effect on total photon energy fluence, at the
measurement location, of radiation arising from previous photon interactions (so-called 'collided’' beam
or secondary interactions).

Beam build-up occurs in shields principally because gamma and x-ray attenuation involves scattering
processes such as Compton scatter and, at photon energies above 1.022MeV, positron annihilation
photon production (following pair/triplet interactions). Charged particle absorption processes which
lead to photon production, for example bremsstrahlung and x-ray fluorescence, will also contribute to
radiation field build-up within a shield.

The photon fluence in any finite element of an absorbing medium is therefore the sum of 'uncollided’
originally incident photons and Compton, positron annihilation, x-ray fluorescence and bremsstrahlung
photons that have been scattered into the element from interactions that have taken place in the
material around it. The fluence within any finite element of an absorbing medium is therefore higher
than it would be if there were no material around it (i.e. if the absorbing medium were not physically
extended).

Specifically, the build-up factor is defined as:

The ratio of the total value of a specified radiation quantity at any point to the contribution to that
value arising from radiation reaching the point without having undergone a collision.

At shield thicknesses significantly less than the mean free path of the incident photon energy, the
shielding calculator produces the most accurate results for narrow-beam geometries; this is because
empirically determined build-up factors are not used in calculations. However, once the shield
thickness exceeds the mean free path, build-up phenomena can no longer be disregarded if absorbed
dose calculation accuracy is to be maintained at a few percent. Attenuation calculation in thick shields
using narrow-beam geometry considerations will lead to significant overestimates of shield
performance; the error may be several orders of magnitude for very thick shields. So, it's important to
use broad-beam geometry where appropriate.

The build-up factors used by the Calculator were derived from geometric progression (G-P) fitting
function data published in the American Nuclear Society standard, ANS-6.4.3"9. This standard
tabulates G-P fitting function coefficients for various materials and for primary photon energies ranging
between 15keV and 15MeV. These values were derived from comparisons with build-up data
obtained from Monte Carlo photon transport codes developed by NIST®. This method depends on
the fact that the radiation exposure build-up factor B, in an absorber of thickness x mean free paths,
when exposed to a point isotropic source of emission energy E (MeV), can be approximated by
functions of the form:

X
B =1+ LD g g Be =1+ (b- I for k=1
() (k- 1)



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 25 of 96

Where:
€ o} u
étanhg )2‘ - 23 tanh(- 2)
Keg=ox* +d § k2 u
' &  1-tanh(-2 U
& G
e 9]

In these expressions a, b, ¢, d and X, are empirically determined coefficients published in the ANS
standard“? and X the thickness of the shielding material in mean free paths.

The Calculator uses a comprehensive set of G-P coefficient values to calculate the radiation exposure
build-up factor that applies to the data you have entered in the Nuclide Assessment page; the
accuracy of these calculations is generally better than +/-5%. Information about curve-fit errors is
displayed in the memo fields next to the 'Beam Geometry' radio buttons.

Build-up factors for high atomic number (Z) materials, at photon energies that are close to electron
shell binding energies (especially K-shell binding energies) of the absorbing medium, can become
very large indeed. This is due to the discontinuous nature of absorption cross-sections at these
energies. Here absorption cross-sections can be so large that a significant proportion of the total
primary photoelectron fluence, created by photoelectric interactions within the absorbing material, is
‘converted' into fluorescence x-rays as k-shell ionization vacancies are filled by electrons from lower
energy shells. This has the effect of converting short-range photoelectrons into much more
penetrating electromagnetic radiation, thereby significantly reducing overall attenuation within the
absorbing material. In lead and uranium, the critical photon energies, at which build-up by these
processes is most pronounced, occur at the K-shell ionization potentials of 0.088 and 0.16 MeV
respectively. Great care should therefore be exercised when interpreting the effect of build-up at
these photon energies.

At high photon energies (i.e. above 0.5MeV) in high Z absorbers, bremsstrahlung radiation becomes
an important contributor to radiation field build-up for, like x-ray fluorescence, the process involves the

‘conversion' of photoelectron fluence into a more penetrating photon fluence.
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The figure to the left depicts the absorption cross-
sections for photons in aluminium (Al) and lead
(Pb). Curves labelled 'I' show the partial cross-
sections due to photoelectric absorption and curves
labelled 'lI' the partial cross-sections due to
Compton scatter. The curves labelled 'lllI' show
partial cross-sections for pair production.

NB. The Calculator assumes that photon energies
at the shield are the same as those for the selected
radionuclide's gamma emission energies. This is
normally true for shielding bonded to or placed in
close proximity to a radioactive source. However,
at large shield-to-source separation distances and
especially at low photon energies, this assumption
may be invalidated by air attenuation which tends
to degrade the mean photon energy of an emission
as a result of Compton scatter. However from a
health physicist's perspective, air attenuation does
not compromise safety because it leads to an
under-estimate of shielding effectiveness.

Mathematical formula used by the dose calculator (overview)

The formula used by the Calculator to determine absorbed dose rates [ D, ] is shown overleaf. It

consists of three components: dose rate determination in the target material (i.e. air, water, bone and
muscle), shield attenuation correction (if the user has selected this option) and, finally, radiation field
build-up correction for the shield (if present).
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é Energy(i) Dose Rate  Shield Absorption U
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i 4pd U
Where:
A(Bq) = Source radioactivity in becquerels (Bq)
Ei = Energy, in joules (J), of photon emission '’
fi = Fractional decay coefficient for photon emission 'i'
d = Distance between source and measurement location (m)
M(en)i = Mass energy-absorption coefficient for photon emission 'i' (m? kg™)
m; = Mass attenuation coefficient for photon emission 'i* (m2 kg'l)
m = Mass thickness of shielding material (kg m'z)
B(E %) - G-P Build-up factor for photon energy E (MeV) in a shield of thickness

x mean free paths

How do | carry out 'capped' dose rate calculations?

Figure 7 - '‘Capped' dose rate calculation

[JHealth Physicist's Companion
Feset Settings Piint Help

Nuclide Se\ectmn| Nuclide Data MNuclide Assessment | Physical Data| Units | Serial Decaylx—ray Sets|

[_[o]x]

Selected Nuclide: Co60 Precision: [10 E[:
Source Data: _

Actvity [1045561262E64 —[becquerels B ®
Time  [1000 [rears 7| bt
Distancs [1 [metres B 75E6 B
Absorber |‘\ (mm) |A\um\mum j

1.200 Me'' BF = 1.010 at 0.015 mfp +| Beam Geometry
=BF error better than +/. 5 o Marrow

1.300 Me' BF = 1.010 & 0.015 mfp @ Broad (infinite barrier)
G iRt =], © Broad inite barrier)

Calculated Data

I Use gamma yields

Z [Element| A | Halfife | x100% | Decay1 | 100 % | Decay2 | xWUUjj
=/ Positren annifilation 5

27 Co B0 5271y 09992  b03178 Bed b-1.4911  5es
b

Decayed Activity |8104774 785 Ibecquerels j
e EES T air  [7499999998E-6 water [6 334903792E6 [sieverts |
pone [7.763671111E-6 muscle [8.257861465E-6 [per hour i

The dose rate calculator allows you to
calculate the quantity radioactivity, time,
distance, or absorber thickness needed to
achieve a 'capped' dose rate of your choosing.
The target dose rate can be set in four
materials: air, water, bone, and muscle and in
any combination of units.

The screen-shot in Figure 7 shows a 'capped’
dose rate calculation where source
radioactivity is the variable quantity.

If the 'capped' dose rate can't be achieved by
altering the parameter you have chosen as
the variable, the following type of message
box is displayed.

NB. 'Capped' values are determined by an iterative approximation process and so you might not see
the exact 'capped' dose rate value replicated in the calculation fields at the bottom of the page.

Warning

& Capped dose rate can't be achieved by altering the decay time.

If you enter 'capped' values that lie outside the Calculator's
numerical range or if they are inconsistent with the source data
you have entered, the message box shown to the left will
display. When this occurs, click the okay button and amend
the 'capped’ dose rate entries accordingly.
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Using the menus

The following menu options are available on this page.

Choose:
'‘Clear page' to clear data in the currently selected page or
‘Clear All' to clear data in all pages.

Choose:

'Set Form Colour' to change the background colour of the
main form; 'Scale Form on Resize' if you want all
components on the form to resize automatically when you
change the size of the form; 'Show Component Pop-Up
Hints' if you want to view a small help dialogue as you move
the Mouse over components within the form or 'Show Tip of
the Day at Start-up' if you want to view a useful hints

Dialogue every time you run the Companion.

[]Health Physicist's Compani|

Settingz  Print Help
Clear &l
E[== i i

Selected Nuclide:

[ ]Health Physicist's Companion

el Frint Help
M Set Form Calour

otion| ML

v Scale Form on Resize

v Show Campanent Pop-up Hints
SE v Show ‘Tip of the day’ at Start-up

NB. New settings are permanently stored so that, each time you use the Health Physicist's Companion,

your preferences are reinstated.

Prints a screen-shot of the data in the displayed page.

Choose:

‘Contents' to display the Companion's help contents, index
and search dialogue; 'Data Sources' for information about
the data sources the Companion uses for its calculations;
'‘Radiation Tutorial' for summary information about ionising
radiation; 'Legislation’ for information about ionising
radiation legislation in the United Kingdom; 'Calculator' to
open the HP Calculator utility; 'HP Companion Registration’
to register your copy of the Health Physicist's Companion
with Syberad; 'Contact Syberad' for information about how
to contact Syberad or ‘About’ for information on the version
of the Health Physicist's Companion you currently have
installed on your PC.

[ ]Health Physicist's Compani

Reset  Settingsz Help
Muclide Seleotion' Muc

Selected Nuclide:

[]Health Physicizt's Companion

Reset Settings F'rint

Nuclide Selectic ~ Contents
~_ DataSounces [bibliography]
Radiation T utorial

SEIECtEd NU Lenizslation »
—_— Calculator F2

Source Data HF Companion B egistration

- Contact Syberad »
ACW'W ll_ About
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Chapter 4 - Physical Data Page

The Physical Data page allows you to look up mass energy-absorption and mass attenuation
coefficients for various photon energies and to calculate the shielding mass-thickness needed to
achieve a beam transmission value that you specify. The layout of this page is shown in Figure 8.

Figure 8 - Screen-shot of the Physical Data page

[ Health Physicist's Companion [_ D[]
Resst Settings Print Help

Nuclide Selection| Nuclide Data | Muclide Assessment Physical Data ]Umts | Serial Decay| %-ray Sets |

Absorption Coefficients: PRI

Eimic e -| Mass Energy-Absomption - | Mass Attenuation - | cm2.g-1 7

Bone =2l

Energy Water Water Air
4.0 4. 3 3. 3 El
[|ooots 1372003 137603 1.188e03 1.191e03 1.291e03 1296603 1|

| |n.om2 6.152e02 6173602 5262602 5279002 584602 5860202
| o3 1817602 1.929¢02 1.614e02 1625002 289702 2958202 -
Attenuation Data :
Beam Geometr
HvL Lead Aluminium Concrete Concrete (
7 Narrow
& Broad (infirite bamier) | 9.¢m-2 | 0.0001341 00006045 00002067 00001129
€ Broad (finite barrier) | (mm) 00001183 0.002241 0000876 00003516
[E % transmission (mm) | 0.0003913 0.007341 0002865 0.001151
[Transmission Build-up Factor Data ﬂ Hali-\Value Thickness Build-up Factor Data :]
Lead Lead
0.001 Met BF = 1.0100 at 2.3130 mfp 0.001 MeV BF = 1.0060 at 0.6588 mip
%BF eror better than +-5 %EF enor better than +-5
Alurninium oy |Pruminium B

Information about the components shown in Figure 8

Find | Click this button to move the record pointer to the entry that is the nearest match to the search
value in the adjacent field. Photon energy values must be within the following ranges:

MeV -1 keV to 100 MeV
joules  -1x10™°to 1.6x10™ J

NB. The 'Find' button is only enabled for entries that fall within these ranges.
|MeV [ Absorption coefficient energy unit.
Icm2.g-1 | Absorption coefficient unit used to display data in the table (grid).

...| 4| >| H| Use these buttons to browse the coefficient database.

T | pisp!ays the absorption coefficien@s for a numper of material;
Jooot 406503 4078503 irradiated at various photon energies. Right-click anywhere in the
Hooms 1372603 1.376e03 grid to access the grid display options menu. Double-click anywhere

in the grid to 'toggle' between full-screen and minimized views. You can also manually resize the grid
by using the left-mouse button to 'drag' the blue horizontal line (splitter-bar) at the bottom of the grid to
a new position.

Beamn Geometry
) Narrow

Beam geometry to be used in attenuation calculations. See pages 23-25 for more
information about irradiation conditions

) Broad (infinite barrier)
) Broad (finite barrier)

[ % transmission (mm) The shield thickness, in mm, required to achieve the transmission value, in
a number of materials, is displayed in the table columns to the right of this field. The calculations
completed here can be adjusted to take account of radiation field build-up effects by selecting an
appropriate irradiation geometry in the field above.
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HL Lead Alumiium Displays half-value layer (HVL) data for various 'target' materials.
gom3 | 00005433 00003155 HVL is also referred to as the half-value thickness (HVT).
fnm) | 0000473 n.omr3 Calculations completed here can be adjusted to take account of

radiation field build-up effects by selecting an appropriate irradiation geometry in the control next to
this table (grid).

FalFValue Thickness Buid-up Factor Data These two fields display information about calculated build-up factors for
Lead the selected photon energy together with the shield thicknesses, in

0.002 Me¥ BF = 1.0060 at 0.6338 mfp . .

%EF error belter than + 5 mean free paths, at which the largest curve-fit errors occur.

Aluminium

Using the menus

The following menu options are available on this page.

Choose:

‘Clear page' to clear data in the currently selected page or [ Health Physicist's Companion

Clear All' to clear data in all pages. Setings Print Help

Clear Al ction' Muclide Data'
[Elean Fage

Absorption Coefficients:
Choose:

‘Set Form Colour’ to change the background colour of the main [ TFEERr=RECRTAr ———

form; 'Scale Form on Resize' if you want all components on the .
. . X Reszet Frint  Help
form to resize automatically when you change the size of the ERrom—
form; 'Show Component Pop-Up Hints' if you want to view a Mug| ==t remesiur |
¥ Scale Form on Resize

small help dialogue as you move the mouse over components ’7
P 9 y P A v Show Component Pop-up Hints

within the form or 'Show Tip of the Day at Start-up' if you want e T of T ot 1S
to view a useful hints dialogue every time you run the Health 7 S N O S Sl S
Physicist's Companion.

NB. New settings are permanently stored so that, each time you use the Health Physicist's Companion,
your preferences are reinstated.

Choose:

‘Table' to print a table of mass energy-absorption or mass
attenuation coefficient data or, 'Page’ to print a screen-shot of
the data currently displayed in the form.

[] Health Physicist's Companion
Rezet Settings Help

Muclide Sel Tabe * lelide Data
FPage

Absorption Coefficients:
Choose:

‘Contents' to display the Companion's help contents, index and

search dialogue; 'Data Sources' for information about the data Reset Setfings  Print

sources the Companion uses for its calculations; 'Radiation Muclide Selectic  Contents

Tutorial' for summary information about ionising radiation; — — —— —~ DataSources [bibliography]

‘Legislation’ for information about ionising radiation legislation in Absorption ¢ Fediation Tuterial

the United Kingdom; 'Calculator' to open the HP Calculator EB?IS||E'ttIDn e '
Qlculator

utility; 'HP Companion Registration' to register your copy of the = I_ . o
Health Physicist's Companion with Syberad; 'Contact Syberad' Ll gzntc:cr:gjr;::adﬁ e v

for information about how to contact Syberad or 'About’ for [T Energy |  Abou
information on the version of the Health Physicist's Companion
you currently have installed on your PC.
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Chapter 5 - Units Page

The Units page enables you to convert radiation quantities and to complete radon exposure
assessments; an example is shown in Figure 9.

Figure 9 - Screen-shot of the Units page

[ Health Physicist's Companion

Reset Seftings Print Help
Nuclide Se\ect\on| Nuclide Data| Nuclide Assessment| Physical Data Units |Sema\ Decay| HA-ray Set5|

Conversions: Precision : [2 EIC
Acivity Units: curies becquersls
Dose Units: sieverns rem

Miscellansous: curie ey becquerel joules
joules electron-volts

Radon

Radon Isotop: Gas Conc. {Bgm-3)
© Radon (Rn222) & Thoron (Rn220) Set Equilib Factor ™
PAEC | Jm3 | Mevm 3
Working Levels ’7
Equilibrium Factor T ——
Working Level Months
Exposure Time
Activity Exp. (Bg hm-3 ’7
rmonths ] WED, (= )

Detriment

[Worker sfiective dose (n5v =] (RN

Information about the components shown in Figure 9

curies | curie (Ci) - CGS unit of quantity radioactivity. Equivalent to 3.7x10"
atomic disintegrations per second.

sieverts | sievert (Sv) - Sl unit of radiation dose. The sievert is a specially
weighted measure of radiation absorbed dose. As defined in ICRP’, Publication 26™?, 1976, the
sievert denoted two dose quantities namely, dose equivalent (the radiation absorbed dose in gray
weighted for radiation type) and effective dose equivalent (the dose equivalent in Sv weighted for
exposed tissue(s)).

Following the publication of ICRP's latest radiation protection recommendations in Publication 60,
1990"%% 'the dose equivalent quantity was replaced by equivalent dose. For more information about
these new dose quantities, see Chapter 12.

curie MeV | curie mega-electronvolt (Ci MeV) - A derived quantity, numerically
equal to radioactive source energy-emissivity (MeV s'l); it is often used as an alternative way of
specifying radioactivity.

This quantity is convenient for the assessment of external® radiation hazards caused by personal
exposure to materials that contain an indeterminate number and concentration of radionuclides having
similar gamma emission energies and therefore absorption cross-sections.

The curie electronvolt is often used in the assessment of gamma-emitting radionuclides in gaseous
discharges which contain significant quantities of ‘inert gas' radioisotopes, for example, xenon, krypton
and argon. It therefore has extensive application in the nuclear industry. Here, inexpensive and
reliable gamma detectors, such as energy-compensated geiger counters, can be placed in gaseous
discharge stacks and calibrated in terms of time-integrated energy emission (Ci MeV h). This provides
an effective means of total discharge assessment of radionuclides that present only an external
gamma radiation hazard to people.

" ICRP - International Commission on Radiological Protection.

The curie electronvolt is not useful for the hazard assessment of radionuclides that cause internal exposure, i.e. those that
are taken up systemically by an exposed person.

8
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joules | joule (J) - Sl unit of energy.

becquerels | becquerel (Bg) - Sl unit of quantity radioactivity. Equivalent to one
atomic disintegration per second.

rerm | rem - roentgen equivalent man - CGS unit of dose
(ICRP, Publication 26", 1976 defines these quantities). This unit has largely been replaced by its SI
equivalent, namely, the sievert (Sv).

1rem =0.01Sv.

becquerel joules | becquerel joule (Bq J) - A derived quantity numerically equal to
radioactive source energy-emissivity (J s™); it is often used as an alternative way of specifying
radioactivity.

This quantity is convenient for the assessment of external® radiation hazards caused by personal
exposure to materials that contain an indeterminate number and concentration of radionuclides having
similar gamma emission energies and therefore absorption cross-sections.

The becquerel joule is often used in the assessment of gamma-emitting radionuclides in gaseous
discharges which contain significant quantities of ‘inert gas' radioisotopes, for example, xenon, krypton
and argon. It therefore has extensive application in the nuclear industry. Here, inexpensive and
reliable gamma detectors, such as energy-compensated geiger counters, can be placed in gaseous
discharge stacks and calibrated in terms of time-integrated energy emission (Bq J h). This provides
an effective means of total discharge assessment of radionuclides that present only an external
gamma radiation hazard to people.

electron-volts | electronvolt (MeV) - Unit of energy equivalent to 1.6021773x10™*°
joules (J)

Radon Isotope Selects the radon isotope on which to base calculations. Radon is a

@ Radon (Rn222)  © Tharon (Rn220) | colourless, odourless, gaseous radioactive element of atomic number
86 and mass numbers in the range 198 to 227. All isotopes are
radioactive; the most important being those that arise in the primordial decay series of Uranium and
Thorium. The radon isotope formed in the thorium series is often referred to as thoron.

Important Radon Isotopes:

Isotope  Series Name
Rn 222 Uranium series (4N+2) - Uranium 238 parent
Rn 220  Thorium series (4N) - Thorium 232 parent
Rn 225 Neptunium series (4N+1) - Plutonium 241 parent
Rn 219  Actinium series (4N+3) - Uranium 235 parent
Exposure Time | |months = Enter a radon exposure time in this field. The radon

Calculator converts exposure time values into Working Level Months (WLM) for the purpose of
calculation. Since this quantity is based upon occupational (i.e. worker) exposure considerations, you
should note the following equivalencies when entering an exposure time.

21.25 days = 1 WLM

170 hours = 1 WLM
10200 minutes = 1 WLM
612000 seconds = 1 WLM

If you want to calculate radon exposure for the general population, you should use the hours, minutes
or seconds time quantities: the months and days time quantities are inappropriate for this purpose
because they are based on 8 hour (i.e. a work shift) rather than 24 hour daily exposure.

®  The curie electronvolt is not useful for the hazard assessment of radionuclides that cause internal exposure, i.e. those that

are taken up systemically by an exposed person.
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Equilibrium Factor | Radon Gas Equilibrium Factor (F value) - A coefficient used to
express the extent to which short-lived daughters of radon gas are in radioactive decay equilibrium
with the radon parent.

As radon gas decays in a fixed volume of air, the quantity radioactivities of short-lived daughters
increase over time until each daughter achieves decay equilibrium with the parent radon gas; at which
point, daughter quantity radioactivities attain their maximal values.

Since radon daughters are collectively measured in terms of the potential alpha energy concentration
in air (PAEC), it follows that the measured radon gas concentration, associated with this quantity, will
be a function of the extent to which the short-lived daughters are in decay equilibrium with the parent
radon gas. Therefore a measured PAEC value can be interpreted in terms of either the measured
radon gas concentration actually giving rise to it or in terms of the concentration of radon gas which, if
in equilibrium with its short-lived daughters, would give rise to a similar PAEC (the so-called
equilibrium-equivalent radon gas concentration).

Numerically, the F value is defined as the ratio of equilibrium-equivalent radon gas concentration to
measured radon gas concentration.

Set Exposure Time [0 Select this option if you want to calculate the exposure time that equates a working
level (WL) or potential alpha energy concentration in air value (PAEC) with a working level month
(WLM) or activity exposure value.

The Radon Calculator converts exposure time values into Working Level Months (WLM) for the
purpose of calculation. Since this quantity is based upon occupational (i.e. worker) exposure
considerations, you should note the following equivalencies when entering an exposure time.

21.25 days = 1 WLM

170 hours = 1 WLM
10200 minutes = 1 WLM
612000 seconds = 1 WLM

If you want to calculate radon exposure for the general population, you should use the hours, minutes
or seconds time quantities: the months and days time quantities are inappropriate for this purpose
because they are based on 8 hour (i.e. a work shift) rather than 24 hour daily exposure.

SetEquilibFactor [0 Select this option if you want to calculate the equilibrium factor that equates a
radon gas concentration to its corresponding working level (WL) or potential alpha energy
concentration in air value (PAEC).

Gas Conc. (B m-3) | Radon/thoron Gas Concentration - Although the
equivalent dose arising from radon gas exposure is trivial, its short-lived daughters, which can readily
attach to respirable air particulates, may cause significant equivalent dose when inhaled.

Radon gas concentration is usually measured as becquerels per unit volume (Bq m'3) but may also be
stated in terms of curies per unit volume (Ci m™).

PAEC | [dm3 | ‘Mevm3  Radon Potential Alpha Energy Concentration in Air
(PAEC). The PAEC is the time-integrated alpha radioactive decay energy produced by the short-lived
daughters of radon, present in unit volume of air, during their total radioactive decay.

This quantity takes the Sl units J m™® or more commonly MeV m™ and is equivalent to the historical
guantity known as the working level (WL).

NB. 1 J m?is equivalent to 6.24x10" MeV m™

Working Levels | The working level (WL) is a radon measurement quantity.
It was originally defined as any combination of short-lived radon daughters (P0218, Pb214, Bi214 and
Po0214), present in one litre of air at normal temperature and pressure, that had the potential to release
1.3x10° MeV of alpha particle energy during their ultimate radioactive decay. The definition has since
been widened to include the short-lived daughters of thoron (P0216, Pb214, Bi212 and Po212) and
has been standardized at a value of 1.3x10° MeV m™.
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This amount of energy is approximately that released during the ultimate decay of short-lived
daughters in equilibrium with 100 pico-curies ( 3.7 Bq ) of radon gas.

Working Level Months | The working level month (WLM) is used as a measure of
time-integrated exposure to short-lived radon daughter isotopes; it has an equivalence with activity
exposure and takes the Sl units of J s m™. A working month is assumed to be 170 hours.

The WLM is a radon exposure quantity that is gradually falling into disuse because it is more difficult to
measure operationally than radon gas concentration. However, since most historical epidemiological
exposure data (viz. miners) are stated in terms of WLM, the use of this quantity is likely to persist for
some time to come.

One WLM is equivalent to an activity exposure of 6.29x10° Bgh m™® of radon gas in decay equilibrium
with its daughters or 4.63x10* Bq h m™ of thoron gas in decay equilibrium with its daughters.

Activity Exp. (Bq h m-3) | Radon activity exposure is the derived quantity of time-
integrated radon or thoron gas exposure. It takes the units Bg s m>. This guantity is often used as a
substitute for the working level month (WLM).

[Worker effective dose 3 5] Radon Detriment and Dose - The radon detriment field displays the life-time
detriment associated with the radon activity exposure shown in the field above.
It can be expressed as either a fatal cancer risk or as an effective dose in mSv.

The effective dose conversion factor used by the Calculator is 5.06 mSv per WLM for workers and
3.88 mSv per WLM for members of the public. The detriment per unit exposure to radon progeny is
0.08 per J h m-3. These data were obtained from ICRP, Publication 65(167).

These cancer risk values are based upon the findings of epidemiological studies of highly exposed
populations, such as miners (non-ferrous metal mining rather than coal mining), which sought to relate
radon activity exposure (historically measured in WLM) to the incidence of lung cancer. The values
are for general populations and therefore include smokers and non-smokers alike®?.

NB. It is not possible to select the dose to members of the public option when either 'days' or 'months'
is the selected time unit. This is because the Radon Calculator assumes worker occupancies rather
than 24 hour exposure for these time units.

Sets the display precision for calculated fields. The value you select determines the number of
= significant figures that will be used to display calculation results; it does not affect the precision
of the calculation process itself.

Using the menus

The menu options available for this page are as follows.

Choose:

‘Clear page' to clear data in the currently selected page or ‘Clear All' [Health Physicist's Cq
to clear data in all pages. — .
-l Settings  Print H

Clear &ll tion
[Elean Bage

Conversions:
Choose:

‘Set Form Colour' to change the background colour of the main form; [JHealth Physicist's Companion
‘Scale Form on Resize' if you want all components on the form to Reset [ Fint Help

resize automatically when you change the size of the form; 'Show St Form Colour
Component Pop-Up Hints' if you want to view a small help dialogue Nucl v Scale Form on Resize

as you move the mouse over components within the form or 'Show v Shaw Companent Pap-up Hints
Tip of the Day at Start-up' if you want to view a useful hints dialogue Co v Show Tip of the day' at Start-up
every time you run the Health Physicist's Companion.

NB. New settings are permanently stored so that, each time you use the Health Physicist's Companion,
your preferences are reinstated.
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Prints a screen-shot of the data in the displayed page. [ Health Physicist's Compani
Reset  Settingz Help

Muclide Selection| MLC

Conversions:

Choose:

'‘Contents' to display the Companion's help contents, index and
search dialogue; 'Data Sources' for information about the data Reset Seltings Frint

sources the Companion uses for its calculations; 'Radiation Tutorial' Muclide Selectic  Conterts

for summary information about ionising radiation; ‘Legislation’ for ~— Data Sources [bibliography]
information about ionising radiation legislation in the United Kingdom; Conversions: adiation Tutorial

' ' TR . Legizlation 3
Calculator' to open the HP Calculator utility; ‘HP Companion ———— -
Registration' to register your copy of the Health Physicist's Activity Unifs:  HP Companion Registration
Companion with Syberad; 'Contact Syberad' for information about . Contact Syberad >
how to contact Syberad or 'About' for information on the version of Dose Unils. About

the Health Physicist's Companion you currently have installed on
your PC.
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Chapter 6 - Serial Decay Page

Introduction

The Serial Decay page enables you to:

View the decay series for the radionuclide selected in the Nuclide Selection page.
Complete serial decay calculations to:

Calculate quantity radioactivities for decay series daughters and,

calculate maximal radioactivity 'in-growth' times for decay series daughters.

How do | start a decay tree build?

When you first access the Serial Decay page, the only enabled component is a button at the bottom-
right of the page. Clicking this button will cause the Calculator to begin its work of finding and
displaying data for all the daughters of the radionuclide selected in the Nuclide Selection page.

This process may take some time and you may be asked to make some daughter selections yourself if
the Calculator finds metastable states. If this happens, the dialogue box shown below is displayed.

How do | stop a decay tree build?

During the decay tree build process, a progress dialogue box is displayed which shows, in real time,
the number of daughters identified by the Calculator. If you want to quit the decay series build, you
can press the escape key at any time during the display of this dialogue box.

Dealing with metastable states during a decay tree build

In the form to the left, we see that the parent
radionuclide Mo99 has two daughters in the nuclide
5 database for the decay mode currently being
assessed by the Calculator; in this case, beta or
positron decay. You therefore have the choice of
e g S O . 1 70u thoots & Mool

half-life) was discovered {1337) by the falian mineralogist Garla Perrier and the ltalian-harn

oitorane e Borely (oot sPoaton. Ths eotopa16 o longected e a3 daughter that can only decay by isomeric transition
setfrom technelium-92 1o lechnetium-107 that has since seen preduced. The most mactiant. (8 tg the ground state, the ground state daughter will
also be included in the decay tree build. When you
have selected the nuclide you want included in the
decay tree build, click the 'Continue' button. If you want to stop the build at the current daughter, click

the 'Finish' button. To quit the decay series build altogether, click the '‘Cancel’ button.

NB. If you select the 'Finish' option, you will be able to view and print the decay tree up to the point at
which you terminated the decay tree build, but you will not be able to complete serial decay and
maximal daughter 'in-growth' calculations.

Want can | do once the decay tree has been built and displayed?

When the Calculator has finished locating the daughters for the radionuclide that you have selected,
the Companion displays a form similar to that shown in Figure 10.
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Figure 10 - Screen-shot of the Serial Decay page

D Health Physicist's Companion

Resel Seflings Serial Decay Piint Options Help
MNuclide Se\ect\on' Nuclide Data| Nuclide Assesamemt' Physical Data' Units  Serial Decay |X—ray Sets|

activity | [pecquerels ] Time | |seconds 7| T Branching | Calculaie
Man |1 M2 M3 |ma | 7 [Element| A [ Haffife |Decay Constant] x100 % | Decay 1 | x100 % [=
|z Pe 214 268m (00004310 DOB  b102 042
L& Tho3s H W EERE 210 503 16009ES 1 b146 13e8
L& pazsim ez s 214 139m (000058053 D20 b330 080
‘LU‘Z%ED e+ Po 210 13384 5797568 1 530
L8R [es Pa 211 1Bdeds 42365 1 763
F8 Rz gt Po 218 305m 0007077 09998 600 0.0002
e es at 28 1Bs 04330 oo 875 09
e 5i14 [les mn 218 no35s  19.804 1 713
spizis |6 Re 22 38244 20979E6 1 a5.49
Lo 22 e ke 26 1601y [197E-11 09446 a4784 0.0
& o ™ 230 TEely 20151E-13 076 adB 024
{ [ [ D 231 24104  33W9E7 D72 b0O1% 018
& o pa Z4m 1175m (00038318 D98 b2 002
s (2 89712614 072 aA] 028
s B
o [on H
F‘_E';I ) )
et o |[Uranium (U), radioactive chemical element of the actinide series in Graup llb of the
T CMe W e ||Peiote teble. stmic number 82, itis an imporant nuciaat el |
o

Information about the components shown in Figure 10

Activity | ‘ This field is used in serial decay calculations. Here you enter the initial quantity
radioactivity of the parent radionuclide shown in the decay tree below. The unit for this quantity is
selected in the adjacent drop-down list field.

Ibecquerels 7 Selects the radioactivity unit to be used in calculations.

Time | This field is used in serial decay calculations. Here you enter the decay time for
the parent radionuclide shown in the decay tree below; the quantity radioactivities of the daughters in
the decay series are calculated for this time value. The unit for this quantity is selected in the adjacent
drop-down list field.

|seconds [ Selects the decay time unit to be used in calculations.

[ Branching  This tick-box (check-box) is used in serial decay calculations. If you want these
calculations to take account of fractional decay coefficients, tick (check) this box.

If you leave this box unticked (unchecked), the Calculator uses fractional decay coefficients of unity
(i.e. 100% decay for each mode) in the calculation of quantity radioactivities for each daughter in the
decay series.

CEIEUER] click this button to calculate quantity radioactivities for the daughters in the decay tree.
Computed values are based on the parent starting quantity radioactivity and decay time entered in the
fields to the left of this button.

NB. Any serial decay calculations you carry out will only be applied to the primary branch of the decay tree.

R Tod0 . 5502 Fours. Parent Huslide. Displays the decay series for the radionuclide that is currently selected in
e 2l e, Bl | the Nuclide Selection page. You can use the cursor keys or the mouse to

highlight the parent or a daughter; as you do this, the record cursor in the
adjacent grid moves to the nuclide you have selected.

Double-click the parent or a daughter to expand or contract the decay tree below the point that is
currently selected. Alternatively, you can fully expand or contract the decay tree, or zoom it to fill the
entire page, by clicking the buttons in the change view panel.

Right-click anywhere in the decay tree to display the options pop-up menu. Here you can sort the
decay tree in accordance with fractional decay constants, carry out 'equilibrium' calculations and
customize the decay tree display. The display customization option allows you to display the element
name, halflife or decay mode associated with each daughter in the decay series. Decay mode
information for a particular daughter relates to the type of decay giving rise to it rather than the type of
decay it undergoes to produce the next daughter in the decay series (see figure below). To resize the



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 37 of 96

decay tree, use the left-mouse button to ‘drag’ the blue vertical line (splitter-bar) in the middle of the
page to a new position.

L8 Bata Decay

The final stable nuclide shown in the series to the o Euca Dl
right is displayed with a radioactive decay mode o Eete Doty

because it arose from the alpha decay of its parent. [TT@%.
8 4)jiha Dacay
L ® Bta Dacay
= alpha Decay
LS Bimtn Dincay
L& Bt Dacay

(A w1 [z wa Jue |

P Foran Hucide | Click these tabs to view memory locations.

‘ LMt Civz M3 TIME - Tick (check) these boxes to store the currently displayed decay series to a
memory location.

ﬂ| Click this button to 'toggle' between fully expanded and collapsed views of the decay tree.

E| Click this button to expand the daughter schematic to fill the entire form; click it again to restore
the split-pane view.

To manually resize the decay tree schematic, use the left-mouse button to 'drag’ the blue vertical line
(splitter-bar) in the middle of the form to a new position. This allows you to alter the relative
proportions of the screen taken up by the decay tree schematic and the daughter grid.

When the form is 'toggled' to full-screen, the splitter-bar is located at the far right of the form but may
still be dragged to a new position.

7 [ Element Halflia This grid displays physical data for the daughters of the currently selected
99 |eB.02h parent radionuclide. Field details are shown in the table below.
43 To 99 2.13e8y
Column Heading Detail
Element Abbreviated element name
A Atomic mass number
z Atomic number
Halflife Radionuclide halflife (if applicable) where:
y=years, d=days, h=hours, m=minutes and s=seconds
Decay (n) Decay mode and energy in
MeV where:
b- beta b+ positron
K  electron capture m metastable state
a alpha SF spontaneous fission
p proton n neutron
IT isomeric transition
Gamma (n) Gamma emission energy in MeV
X100% Percentage decay by mode(n)
Inhale 5 micron (slow) Dose per Bg inhalation of a 5 micron AMAD aerosol
Inhale 1 micron (slow) Dose per Bq inhalation of a 1 micron AMAD aerosol
Inhale f1 (slow) Fractional clearance value
Ingestion (slow) Dose per Bg ingestion
Ingestion f1 (slow) Fractional transfer value
Inhale 5 micron (med.) Dose per Bq inhalation of a 5 micron AMAD aerosol
Inhale 1 micron (med.) Dose per Bq inhalation of a 1 micron AMAD aerosol
Inhale f1 (med.) Fractional clearance value
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Column Heading Detail

Ingestion (med.) Dose per Bq ingestion

Ingestion f1 (med.) Fractional transfer value

Inhale 5 micron (fast) Dose per Bg inhalation of a 5 micron AMAD aerosol
Inhale 1 micron (fast) Dose per Bq inhalation of a 1 micron AMAD aerosol
Inhale f1 (fast) Fractional clearance value

Ingestion (fast) Dose per Bg ingestion

Ingestion f1 (fast) Fractional transfer value

Abundance Fractional abundance for a naturally occurring isotope
Notes Notes about the selected nuclide

Frac. Metastable Fractional generation of the nuclide from its principal parent

The references to 'slow’, 'medium' and 'fast' in the inhalation and ingestion fields refer to the definitions
given in ICRP, Publication 68" for uptake rates. Type S (slow) denotes an uptake rate by the
exposed tissue of 0.1% in 10 minutes (7000 days for 99.9% uptake), type M (medium) an uptake rate
of 10% in 10 minutes (140 days for 90% uptake) and type F (fast) an uptake rate of 100% in 10
minutes.

f1 values refer to the fraction of an intake which is taken up systemically following ingestion and to the
fraction cleared to the gut by the 'pulmonary ciliary escalator' following inhalation; these values are
consistent with ICRP, Publication 68. f1 values are a critical determinant of personal dose and are
highly dependent upon chemical form and, in the case of inhalation, upon particle size. The values
quoted in IAEA Safety Series 115® and used by the Health Physicist's Companion are those for either
'worst case' or commonplace radionuclide compounds (see Annexes E and F of ICRP 68).

The grid headings can be mouse—draggedll to new positions, thereby allowing you to alter the order of
columns in the grid; you can also use mouse-dragging to resize the columns by dragging their
boundaries. In either case, the changes you make are stored in the registry and reinstated each time
you run the Health Physicist's Companion.

This spin-box is used in serial decay calculations; use it to set the display precision for
calculated serial decay values. The value you select determines the number of significant figures
used to display calculation results; it does not affect the precision of the calculation process itself.

[ e breneh cort. C viner e <ot |ICRRIGI  Click this button to view the decay series for the radionuclide
currently selected in the Nuclide Selection page. To quit the decay series build process at any time,
press the <Escape> key. The two radio buttons to the left of this button allow the primary branch of
the decay tree to be built from the daughters with either the highest or lowest probability of
occurrence.

NB. The decay series is built by successive interrogation of the radionuclide database and so, for
radionuclides that have a large number of daughters, this may take some time.

Using the decay tree window

The outline (tree) component to the left of the page displays diagrammatically the decay tree for the
selected radionuclide. You can select a nuclide in the decay tree by either clicking its icon with the
mouse or by using the keyboard cursor keys; double-clicking a daughter icon 'toggles' between
expansion and collapse of the decay tree at the icon's position.

The two buttons just below the decay tree component have the following functions:

@ ‘Toggles' between full-screen and split-screen views of the decay tree.

‘"Toggles' between expanded and collapsed views of the decay tree.

1 |CRP - International Commission on Radiological Protection.

Mouse-Dragging - is a Microsoft Windows term for a technique of moving or resizing an object on the screen. It's
achieved by selecting a screen object such as a grid or table heading with the mouse and then, simultaneously, moving
the mouse whilst keeping its left button depressed.

11
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You can also right-click anywhere in the decay tree panel to display an options menu. This menu is
also accessible from the 'Serial Decay' menu bar at the top of the page.

Using the nuclide data grid

As you move between daughters using the methods described above, you will notice that the grid
pointer in the right-hand pane moves to the corresponding record in the nuclide database. This allows
you to immediately identify the data that relate to the daughter you have selected in the decay tree.

You can 'toggle' between full and partial display of the grid (i.e. zoom and reduce it) by double-clicking
anywhere within it. You can also adjust the relative proportions of the page taken up by the decay tree
and data grid by mouse—dragging12 the blue line (splitter-bar) that separates these two panes.

You can 'toggle' on and off any combination of display fields by right-clicking anywhere in the grid to
display a pop-up menu. When you do this, the following options are available.

Elementf]& |z |Halfife W00%|Decay 2 Jaooxal Serial decay calculations

"¢ Hoadings You can complete serial decay calculations on

v Record Indicator the decay tree's major branch. Enter a decay
T 2y Select Recard 3 [ time and parent starting quantity radioactivity in
L v Column Lines the edit boxes at the top of the page and then
P 21w Row Lines 2 006 070 042 click the 'Calculate' button. Results are

i F‘Be;ize R 0©  |019 (b0 081 displayed in the decay tree window (see Figure

10 and figure below). The spin-box next to the
‘Calculate’ button allows you to select the precision that is used to display calculation results.

Any serial decay calculations you carry out will only be applied to the primary branch of the decay tree.
Therefore, if the daughters for which you want to calculate serial decay values are not in the major
branch of the decay series, you will need to re-sort and rebuild it.

To do this, use the 'Sort' option in the decay tree

Main M1 | M2 | M3 | ma | Z | Element | e ,

=5 oo ool 52 Fo pop-up menu (shown left) or the 'Serial Decay
L:;Thzafg '[ 1 |:|49E+|:||:|E19E|E:]D_] : i - menu accessible from the menu bar at the top of

LePaz3dm [ 1037E+009By S o the page.
Lol . - !

L g E'SE""‘P : 83 Bi The Calculator uses the Bateman serial decay

1 - L . . i

Ecuilbium Cacustiors s M4 Po equations to compute daughter radioactivities;

T 2 (DETER these equations produce accurate daughter

Tlas  Po activity values but are very processor intensive

Rebuid Decay Tree ~ » [ and may yield results that lie outside the number
=Po2id - resolution of the software. When this occurs,

r Lagppo- ‘?? ?” the Health Physicist's Companion places a zero

value in the corresponding daughter branch of
the decay tree and continues to compute results for the other daughters in the decay chain. However,
this situation will only arise in circumstances where your entered decay time is many orders of
magnitude different from that of the halflife of the parent radionuclide and where the decay series
contains a radionuclide whose immediate daughter has a halflife that is many orders of magnitude
different from its own. In this regard, serial decay calculations involving transuranic decay series may
well suffer from this zero entry anomaly if your entered decay time is too small. To solve this problem,
increase the decay time to a value that produces an entry for every daughter in the decay series.

You can also complete maximal 'in-growth' radioactivity calculations for any daughter or the entire
decay series. To do this, first select a radionuclide other than the parent by clicking its icon in the
decay tree window. Next, right-click the icon to display the options menu and select 'Equilibrium
Calculations'. After you have chosen a calculation accuracy from this menu, the Calculator will
compute the time taken for the selected daughter(s) to achieve maximal quantity radioactivities.

2 Mouse-Dragging - is a Microsoft Windows term for a technique of moving or resizing an object on the screen. It's

achieved by selecting a screen object such as a grid or table heading with the mouse and then, simultaneously, moving
the mouse whilst keeping its left button depressed.
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The Calculator assumes that, at time zero, only the parent is present.

In the case of long-chain decay series, it may take several minutes for the Calculator to compute
maximal quantity radioactivities for each of the daughters in the decay series, especially if you choose
the +/- 0.001 percent accuracy option. If you want to quit the calculation process before the Calculator
has finished computing results, press the escape key at anytime.

NB. When the escape key is pressed, termination is delayed until the current daughter calculations
have been completed (i.e. the nuclide whose decay series number is shown in the progress dialogue
box). You may therefore have to wait a while for termination to occur.

The 'Branching' tick-box (check-box) at the top of the page is used in serial decay calculations. If you
want these calculations to take account of fractional decay coefficients, tick (check) this box.

If you leave this box unticked (unchecked), the Calculator uses fractional decay coefficients of unity
(i.e. 100% decay for each mode) in the calculation of quantity radioactivities for each daughter in the
decay series.

Using the menu options

The menu options available for this page are as follows.

Choose:

‘Clear page' to clear data in the currently selected page
or 'Clear All' to clear data in all pages.

Settings  Serial De

Clear &l tion
Clear Page

| Activity |

Choose:
'Set Form Colour' to change the background colour of
the main form; 'Scale Form on Resize' if you want all Resct IO GeralDecay  Print Options Help

components on the form to resize automatically when =

you change the size of the form; 'Show Component Nucl ga ::c'":m Ec'l':'u;‘ . | Muclide
Pop-Up Hints' if you want to view a small help dialogue 1 SE:S Cz:pz:enfifp_up Hirts =
as you move the mouse over components within the Acti v Show Tip of the day’ 5t Start-up brels 'I
form or 'Show Tip of the Day at Start-up' if you want to

view a useful hints dialogue every time you run the Main w1 M2 M3 |mMe | J | z e

Health Physicist's Companion.
NB. New settings are permanently stored so that, each time you use the Health Physicist's Companion,
your preferences are reinstated.

Choose:

‘Serial Decay' to complete 'equilibrium’ calculations. [JHealth Physicist's Companion

This menu is identical to the pop-up menu that is Reszet  Settings EEEERNENWEUE Frint Options  Help

opened by right-clicking the decay tree pane. : . :
Muclide Sel  Display * [Muclide
—— Sarh e
" E quilibrium Calculations  » |
Activity |_ Ui , |25 I
M as. 1.2 | [ElEam,
M
A |M1 | Rebuild Decay Tree 3 - | |
[ TEORY 24

Choose:
'‘Decay Data Table' or 'Intake Data Table' to print a table
of physical data relapng to the daughters of the currently Reset Settings  Serial Decay WEGENGEE Help

selected parent nuclide or, 'Decay Tree' to print a decay

tree schematic for the currently selected parent nuclide. Nuclide Selection | | eseylela basl
Intake D ata T able

2 g 3
‘ ACtIVIt‘}I Ii IDec:a_l,lIree =

Choose:
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‘Contents' to display the Companion's help contents,
index and search dialogue; 'Data Sources' for
information about the data sources the Companion uses
for its calculations; 'Radiation Tutorial' for summary
information about ionising radiation; 'Legislation’ for
information about ionising radiation legislation in the
United Kingdom; 'Calculator' to open the HP Calculator
utility; 'HP Companion Registration' to register your copy
of the Health Physicist's Companion with Syberad;
‘Contact Syberad' for information about how to contact
Syberad or 'About' for information on the version of the
Health Physicist's Companion you currently have
installed on your PC.

[]Health Physicist's Companion
Feset  Settings Serial Decay  Print Options

Muclide Seleotion| Nuclide Digte  Contents .
[rata Sources [bibliography)

f Radiation Tutarizl
ACtMN I Ibquu Leqislation 3

Calculatar F2
Main
|M1 I M2 I M3 I il I HF Campanion Registration

Contact Syberad »
L& Fess Abaut
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Chapter 7 - X-ray Sets Page

What can | do with the x-ray calculator?

The X-ray page enables you to calculate typical x-ray dose rates, in soft tissue, for two types of x-ray
set namely, constant potential*® and pulsed.

The Calculator produces a table of dose rates for a tube electric current and measurement distance

entered by the user. Data are displayed for a number of tube voltages and beam hardening filter
materials.

Dose rates are computed from an empirical database of typical x-ray set outputs. Calculated values
should therefore only be used as a guide to the dose rates likely to be produced in practice.

X-ray set output efficiency varies significantly between different makes and models, even in
circumstances where generator designs are similar; cathode electron emissivity per unit current and
photon production efficiency at the anode target are the main factors that affect output characteristics.
The data generated by the Calculator should therefore be interpreted with these factors in mind.

The Calculator also enables x-ray transmission, through typical shielding materials, to be estimated.

How do | calculate x-ray dose rates?

An example of the dose rate calculator is shown in Figure 11.

Figure 11 - Screen-shot of the dose calculations page

[ Health Physicist's Companion =
Reset Settings Print Help

Muclide Se\ect\onl Muclide Data| Nuclide Assessment| Physical Data| Units | Serial Decay *-ray Sets |
Dose Caleulations | Shielding Data (55 4094 | Shielding Data (Archer etal) |

Heray Set Potential

& anﬁtam Current |1 |m\Hi.amps j Precision : |4 H:
€ Pulsed Distance |‘\ |metres j
Table Units Dose |m\H\—5\evert5 j |p9r hour j Print Table

Dose rates shown in the table below are calculated using a database of empirical exposure rate constants, zero entries appear in 2]
cells that refer to combinations of tube valtage and filtration for which there are no appropriate values in the database.

The output of x-ray sets at a given tube voltage and measurement distance can be predicted with reasonable precision. Output is,
however, highly dependent upon tube design, taret material (ie. its atomic number and whether it is of transmission or reflection
design), and upon total beam filration. The data calculated here should therefore only be used as an output guide for a particular
xray set

=
Imm Be [ +0.05mm Al +0.1mm Al [ +0.2mm Al [ +0.5mm Al [ +Imm Al [ +2mm Al [ +tmm Al [ 0.2mr2]
7200E+1 1920E#0] 1380E-1  NeData NoDala  NoData  NoData  MNoDala  No
1920E+2 2160E+ 1800E40  NoData NoData  NeData  NoData  NeDala Mo
4800E+2 9B00E+| 2400E+#1  NoData  NoData  NeDala  NeData  NoData  No
8700E+2 2400E+2 G400E+ 1800E+1  BODOE1  NoData  NoData  MoData Mo
1350E+3) 4200E+2  2040E+2  7ED0E+| GEODE+)  NeData  NoData  MNeDaa Mo
21B0E+3  B4D0E+2| 4800E+2 2040E+2 2700+l 3300E+)  1800E1  NoDaa Mo
3120E+3  1380E+3] B40DE+2  3S00E+2 B3OE+l  1320E+H 1440E40  NoDaa  No
3780E+3| 1B0DE43 1110E43 5250E+2  OBODE+ 240041 37B0E40  2180E1|  No_

[The currently selected values were calculated from empirical data obtained from: O'Riordan, M.C. and Catt, B." ¥eray output, 5 to

Information about the components shown in Figure 11

Current || X-ray tube electric current.
Imilli-amps [ X-ray tube electric current unit.

Dictance I— Separation distance between the measurement/exposure location and the
x-ray tube.

|metres | Distance unit used calculations.
|mi||i-5ieverts [ Dose unit to be used for the display of calculated dose rates.
|per hour [ Time unit used for the display of dose rates.

3 Fully rectified and 'smoothed" x-ray tube voltage.
* Half-wave rectified ‘'un-smoothed' x-ray tube voltage.
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Tube )] immEe Foemma) T his grid displays dose rate calculator results for various types of x-ray
] 40 30E+0 NoData filtration. A zero entry in a cell indicates that the Calculator was unable
45 1.0E+1 | Mo Data to evaluate the dose rate for that combination of tube voltage and

filtration: the Calculator's database doesn't contain dose rate constant
values for every combination of tube voltage and filtration.

Filtration examples:
1mm Be Denotes a 1 mm thick beryllium filter.
+ 0.05mm Al Denotes a filter consisting of 1mm of beryllium and 0.05 mm of aluminium.

Column heading key:
+ Denotes addition of the specified thickness of aluminium to 1mm of beryllium.
* Denotes a reflection target.

Double-click anywhere in the grid to 'toggle' between zoomed and minimized table views. To manually
resize the grid, use the left-mouse button to 'drag' the blue horizontal line (splitter-bar) at the top of the
grid to a new position.

NB. Right-click anywhere in the grid to access the grid display options menu.
Select the dose rate precision for the results shown in the table below.

srmmmmy - When this button is enabled, you can print a table of the dose rate values shown in the grid
(table) at the bottom of the form.

refers to a full-wave rectified and 'smoothed' tube power supply and 'Pulsed' to a half-

Xeray Set Potential Selects the type of x-ray tube upon which to base calculations. Constant potential
Lol
C pulsed |

wave rectified power supply.

Customizing the data grid

The data grid can be customized in several ways. Right-clicking anywhere in the grid opens a pop-up
menu that allows you to select the fields the grid displays.

TmEeNsaisrRmal  Double-clicking the grid, 'toggles’ between zoomed and minimized
— 1o2a00  Views of the data. You can also manually resize the data grid by
using the left-mouse button to 'drag’ the blue line (splitter-bar) at the

Headings
v Record Indicator 2.16e01

Y ggeq1 top of the grid to a new position.

v Columrj Lires 2 4e02

v Fiow Linss 12:02 How do | use the shielding calculator?

v Resize Columng :
Pint T able 84802 The Health Physicist's Companion uses two sets of empirical data to
18 3.72els 1.38e03  calculate x-ray attenuation in various materials: those published in

British Standard 4094 and those published by Archer et al®?.

For high energy x-ray beams, you should use the BS 4094 data set; the data published by Archer will
give the most accurate results for low to intermediate energy, medical x-ray equipment.

Dose Rate Data Sources

Dose rate values are calculated from data published in the Handbook of Radiological Protection,
hereafter referred to as the RSAC publication. These data are also reproduced in British Standard
4094. The following figures from the British Standard and RSAC publication were used to define the
curve-fit functions used by the Calculator.
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Pulsed X-ray Tube Dose Rates

Tube (kV) Reference Total Beam Filtration
4-50 BS4094, Figure 1. "X-ray output 4 kV to 50 kV 1mm Be plus various
pulsating potential”. Data sourced from W.A thicknesses of Al up to
Jennings, "Physical aspects of roentgen radiation 3.22mm.
from a beryllium window tube operated over the range
2 - 50 kVp for clinical purposes." Acta Radiologica, Tungsten reflection target.

33, 435-484 (1950).

In the RSAC publication, the same data are shown in
Figure 3.2(1) "Output of pulsating potential x-ray
tubes (5-50 kV)".

NB. Pulsating potential refers to half-wave
rectification of the tube supply voltage.

Constant Potential X-ray Tube Dose Rates

Tube (kV) Reference Total Beam Filtration

5-50 BS4094, Figure 2. "X-ray output 5 kV to 50 kV 1mm Be plus various
constant potential”. Data sourced from M.C Riordan thicknesses of Al up to 4 mm.
and B Catt, " X-ray output, 5 to 50 kV, constant
potential". RPS/I/32, Radiological Protection
Service, Sutton (1968). In the RSAC publication,
the same data are shown in Figure 3.2(2) "Output of
constant pot. X-ray tubes (5-50 kV)".

50 - 200 BS4094, Figure 3. "X-ray output 50 kV to 200 kV Various filtration. Tungsten
constant potential”. Data sourced from H Glasser, reflection target.
E.H Quimby, L.S Taylor and J.L Weatherwax,
"Physical foundations of radiology". Hoeber, New
York (1954). In the RSAC publication, the same
data are shown in Figure 3.2(3) "Output of constant
potential x-ray tubes (50-200 kV)".

NB. For half-wave generators, the output is
approximately 30-50% of the value calculated for a
constant potential x-ray set.

200 -500 BS4094, Figure 4. "X-ray output 200 kV to 500 kV 0.5 and 3 mm Cu. Tungsten
constant potential”. Data sourced from: reflection target.

For 0.5mm Cu filtration; G.W.C Kaye, and W Binks,
"The emission and transmission of X and gamma
radiation”. British Journal of Radiology, 13, 193-212
(1940). For 3mm Cu filtration; W Miller and R.J
Kennedy, "X-ray attenuation in lead, aluminium and
concrete in the range 275 to 525 kilovolts". British
Journal of Radiology, 65, 920-925 (1955). In the
RSAC publication, the same data are shown in
Figure 3.2(4) "Output of constant potential x-ray
tubes (200-500 kV)".

NB. For half-wave generators, the output is
approximately 30 - 50% of the constant potential
calculated value.

Tungsten reflection target.
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Tube (kV)

Reference

Total Beam Filtration

200 - 3000

BS4094, Figure 5. " X-ray output 0.2 MV to 3 MV
constant potential". Data sourced from:

For 0.5mm Cu filtered reflection target; G.W.C Kaye
and W Binks, "The emission and transmission of X
and gamma radiation". British Journal of Radiology,
13, 193-212 (1940).

For 2.3mm Pb filtration; A.A Petrauskas, L.C Van
Atta and F.E Myers, "Measurements on X-ray
production and absorption in the range 0.7 to 2.5
MV". Physical Review, 63, 389-399 (1943).

For complex filtration; H.O Wyckoff, R.J Kennedy
and W.R Bradford, "Broad and narrow beam
attenuation of 500 to 1400 kV X-rays in lead and
concrete." British Journal of Radiology, 51, 848-859
(1948). In the RSAC publication, the same data are
shown in Figure 3.2(4) "Output of constant potential
x-ray tubes (0.5 - 3 MV)".

NB. For half-wave generators, the output is
approximately 30 - 50% of the calculated value.

0.5 mm Cu. Tungsten reflection
target.

2.3 mm Pb equivalent total
filtration. Gold transmission
target.

W+Cu+Brass+water.

Tungsten transmission target.
Lead equivalencies in (mm):

0.5MV =5.0 0.6MV =5.6
0.8MV=6.2 1.0MV=7.0
1.4MV=7.8 2.0MV=9.2
3.0MV =10.0

Using British Standard 4094 data for shielding calculations

The transmission values published in the British Standard are also cited in the Handbook of
Radiological Protection (RSAC). An example is shown in Figure 12

Figure 12 - Screen-shot of the BS4094 Shielding Data page

[ Health Physicist's Companion

Reset Settings Print Help

Muclide Se\ectlonl Nuclice Data| Nuclide A55955m9m1| Physical Datal Units | Serial Decay *-ray Sets |
Dose Calculstions  Shielding Data (B5 4034) | Shielcing Data (Archer et al)| |

Tube voltage (kV) |50 ]

Enter a shield thickness in the range: 10to
70mm. Data relate to a 'pulsating’

Shield thickness  [0.01

Transmission

Filtration: 1mm Al

(m) of |Concre[e j Potent\a\ (ie. alternating voltage) x-ray

Lube
0.06237

Zoom History Dec Places m

1.0E+00 Fractional Transmission S0KY era% Attenuation in Concrete

|
100 J%

|
! ”E'W%

.
-  — — ——

|
! DEMJ%

|
! MJ%

1 0E-06 4 : . T . . v \ ; |
10 A0 45 50 55 B0 B5 70 75
Shield Thickness {mm)

T T T T
15 20 25 30 35

Information about the components shown in Figure 12

|50 Bl X-ray tube operating voltage, in kilovolts.

Shield thickness | Shield thickness in metres. The fractional x-ray transmission is

automatically calculated and displayed in the field below as you type.

NB. Take note of the acceptable input range for the selected x-ray tube voltage. This is indicated in

the panel at the top-right of the page.

|Concrete [ Shield material to be used in transmission calculations.
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Erter a shield thickness in the range: 1010
70mm. Data relate o & pulsating’
potential (i akemating voltage) ey
e |

Displays information about the shield thickness acceptable input range.

0 24 Number of decimal places to display on the axes of the graph below.

new position.

EE
Stield i

Double-click anywhere in the graph to 'toggle' between zoomed and
minimized views. To resize the graph manually, use the left-mouse
button to 'drag' the blue line (splitter-bar) at the top of the graph to a

aee” 7 7 " " "] You can also change graph scaling by using the zoom function. To
do this, mouse—drag15 anywhere within the graph, starting at the lowest x and y co-ordinate you wish to
display and then moving the mouse to the highest x and y co-ordinate you wish to display. As you do
this, the mouse icon changes to a small square, with an arrow inside it, and the new 'zoomed' graph
size is shown as an outline rectangle as you move the mouse. To make a displayed graph fill the
entire page, double-click with the mouse anywhere within it; double-clicking again will revert the graph
to its original size. Zoomed views, once created, can be selectively displayed by clicking on the ‘Zoom
History' buttons [Z4] above the displayed graph. These buttons are only effective once you have
created a set of zoomed views by mouse-dragging within a displayed graph.

X-ray Set Shielding Data Sources (Industrial)

These data were obtained from British Standard 4094°%: the following figures were used to define the
curve-fit functions used by the Calculator.

Concrete Shield Transmission Values

Tube (kV) Reference Total Beam Filtration

50 BS4094, Figure 8. "Transmission of 50 kV to 300 kvV 1.0 mm Al. Tungsten reflection
pulsating potential x-rays through concrete". Data target.
sourced from E.D. Trout, J.P. Kelley and A.C Lucas, ) )
Radiology 72, 1959, pp 62-69. The same data are NB. Pulsating potential refers to
shown in the RSAC publication, Figure 4.3(1) "Broad  half-wave rectification of the
beam transmission of x-rays (pulsating potential) tube supply voltage.
through concrete (50-300kV)".

70 : 1.5 mm Al "

100 " 2.0 mm Al "

125 " 3.0 mm Al "

150 ) 3.0 mm Al "

200 : 3.0 mm Al "

250 " 3.0 mm Al "

300 BS4094, Figure 13. "Transmission of 300 kV to 400 3.0 mm Cu. Gold reflection
kV constant potential x-rays through concrete". Data target.
sourced from W. Miller and R.J Kennedy, "X-ray
attenuation in lead, aluminium and concrete in the
range 275 to 525 kV", Radiology 65, 1955, pp
920-925. In the RSAC publication, the same data are
shown in Figure 4.3(2) "Broad beam transmission of
x-rays (constant potential) through concrete
(300-400kV)".

15

Mouse-Dragging - is a Microsoft Windows term for a technique of moving or resizing an object on the screen. It's

achieved by selecting a screen object such as a grid or table heading with the mouse and then, simultaneously, moving
the mouse whilst keeping its left button depressed.
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Tube (kV) Reference Total Beam Filtration
400 : 3.0 mm Cu. Gold reflection
target.

500 BS4094, Figure 14. "Transmission of 0.5 MV to 3.0 2.8 mmWwW +
MV constant potential x-rays through concrete”. Data 2.8 mm Cu +
sourced from H.O Wyckoff, R.J Kennedy and W.R 2.1 mm brass +
Bradford, "Broad and narrow beam attenuation of 500 18.7 mm water.
to 1400 kV X-rays in lead and concrete", Radiology _
51, 1948, pp 849-859. In the RSAC publication, the ~ (Pb equivalent 5Smm). Tungsten
same data are shown in Figure 4.3(3) "Broad beam  transmission target.
transmission of x-rays (constant potential) through
concrete (0.5-3MV)".

1000 ) )

2000 BS4094, Figure 14. "Transmission of 0.5 MV to 3.0 6.8 mm Pb equivalent. Van de
MV constant potential x-rays through concrete". Data Graff generator.
sourced from W.W Evans, R.C Granke, K.A Wright
and J.G Trump, "Absorption of 2 MeV constant
potential roentgen rays by lead and concrete",
Radiology 58, 1952, pp 560-567. In the RSAC
publication, the same data are shown in Figure 4.3(3)
"Broad beam transmission of x-rays (constant
potential) through concrete (0.5-3MV)".

3000 BS4094, Figure 14. "Transmission of 0.5 MV to 11 mm Pb equivalent. Van de

3.0 MV constant potential x-rays through concrete".
Data sourced from C.H Goldie, K.A Wright, J.H
Anson, W.R Cloud and J.G Trump, "Radiographic
properties of X-ays in the two to six million volt range",
American Society for Testing Materials Bulletin, No.
201, 1954, pp 49-54. In the RSAC publication, the
same data are shown in Figure 4.3(3) "Broad beam
transmission of x-rays (constant potential) through
concrete (0.5-MV)".

Graff generator.

Lead Shield Transmission Values

Tube (kV) Reference Total Beam Filtration
50 BS4094, Figure 11. "Transmission of 50 kV to 200 kV  0.07 mm Cu or 2 mm Al.
constant potential x-rays through lead". Data sourced Tungsten reflection target.
from W. Binks, "Protection in Industrial Radiology’,
British Journal of Radiology 16, 1943, pp 49-53. In
the RSAC publication, the same data are shown in
Figure 4.3(7) "Broad beam transmission of X-rays
(constant potential) through lead (50-200kV)".
75 " 0.07 mm Cu or 2 mm Al.
Tungsten reflection target.
100 " 0.07 mm Cu or 2 mm Al.
Tungsten reflection target
150 " 0.07 mm Cu or 2 mm Al.
Tungsten reflection target.
200 " 0.07 mm Cu or 2 mm Al.

Tungsten reflection target.
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Tube (kV) Reference Total Beam Filtration
250 BS4094, Figure 12. "Transmission of 250 kV to 400 0.5 mm Cu. Tungsten reflection
kV constant potential x-rays through lead". Data target.

sourced from W. Binks, "Protection against x-rays and
gamma rays in the industrial field", British Journal of
Industrial Medicine 12, 1955, pp 153-161. In the
RSAC publication, the same data are shown in Figure
4.3(8) "Broad beam transmission of x-rays (constant
potential) through lead (250-400kV)".

300 " 0.5 mm Cu. Tungsten reflection
target.
400 BS4094, Figure 12. "Transmission of 250 kV to 400 3.0 mm Cu. Gold reflection
kV constant potential x-rays through lead". Data target.

sourced from W. Miller and R.J Kennedy, "X-ray
attenuation in lead, aluminium and concrete in the
range 275 to 525 kilovolts", Radiology 65, 1955, pp
920-925. In the RSAC publication, the same data are
shown in Figure 4.3(8) "Broad beam transmission of x-
rays (constant potential) through lead (250-400kV).

500 BS4094, Figure 15. "Transmission of 0.5 MV to 2.0 2.8 mmWwW +
MV constant potential x-rays through lead". Data 2.8 mmCu +
sourced from H.O Wyckoff, R.J Kennedy and W.R 2.1 mm brass +
Bradford, "Broad and narrow beam attenuation of 500 18.7 mm water
to 1400 kV X-rays in lead and concrete”, Radiology .
51, 1948, pp 849-859. In the RSAC publication, the ~ (Pb equivalent 5 mm).
same data are shown in Figure 4.3(9) "Broad beam  T1Ungsten transmission target.
transmission of x-rays (constant potential) through
lead (0.5-2 MeV)".

1000 2.8 mmWwW +
2.8 mmCu +
2.1 mm brass +
18.7 mm water

(Pb equivalent 7 mm).
Tungsten transmission target.

2000 BS4094, Figure 15. "Transmission of 0.5 MV to 2.0 6.8 mm Pb equivalent. Van de
MV constant potential x-rays through lead". Data Graff generator.
sourced from W.W Evans, R.C Granke, K.A Wright
and J.G Trump "Absorption of 2 MeV constant
potential roentgen rays by lead and concrete",
Radiology 58, 1952, pp 560-567. In the RSAC
publication, the same data are shown Figure 4.3(9)
"Broad beam transmission of x-rays (constant
potential) through lead (0.5-2 MeV)".

X-ray transmission generally reduces exponentially with increasing shield thickness, and so most of
the curves you can view on this page of the Health Physicist's Companion are linear when plotted on
logarithmic scales. The slight upward curvature of the low energy lead shield plots is due to '‘beam
hardening' effects at small shield thicknesses (i.e. the attenuation coefficient is initially higher than the
average for the plot). As an x-ray beam enters a shield, low energy photons are absorbed more
readily than those at the peak energy determined by the tube voltage. The effective attenuation
coefficient therefore decreases with increasing shield thickness down to a value that is asymptotic with
that for a mono-energetic x-ray beam of an energy equivalent to the tube voltage.

By contrast, some of the higher energy concrete shield plots show a slight downward curvature at
small shield thickness values (i.e. the attenuation coefficient is initially lower than the average for the
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plot). This is due to a quite different phenomenon; here we see the effect of radiation field build-up on
the effective attenuation coefficient. The lead shield plots do not show this trend because 'beam
hardening' effects in lead are more dominant at small shield thicknesses than in concrete.

X-ray Set Medical Shielding Data (Archer et al®V)

An example of this page is shown in Figure 13. Shielding calculations using Archer's data are based
on an empirical x-ray attenuation curve-fitting formula of the following form:

a—:lij

S S0

Broad-beam attenuation = éﬁ;‘uggexp(agx) b
€ ag a

QII

[ e} C'

Where:
x is the linear thickness of the shielding material and,
a, b and gare empirically determined coefficients applicable to the units of x.

The materials for which Archer has determined appropriate coefficients are as follows.

Material Density (g cm™)
Lead 11.35

Steel 7.40

Glass (plate) 2.56

Gypsum (wallboard) 0.75

Lead acrylic 1.60

Concrete 2.35

Brick 1.65

Wood 0.55

Plaster (barium) Unspecified

The data published by Archer, and used by the Calculator, relate to single and multiple phase x-ray
sets. Typical parameters for these equipment types are as follows.

Parameter Single Phase Three Phase
Max mA 300 1000 at 80 kVp
Max kVp 150 150

Tube insert Maxiray 75 MX-100

Target angle 15 degrees 12.5 degrees
Focal spot size 2.0mm 1.5mm
Collimator Machlett-Dudcon M GE-Sentry Three
1* Half Value Layer (100 kVp) 2.87mm Al 3.49mm Al

2" Half Value Layer (100 kVp) 7.12mm Al 8.79mm Al

Figure 13 - Screen-shot of the Archer Shielding Data page

[ Health Physicist's Companion

Fesel Selings Frint Help
Nuclide Se\ect\on' MNuclice Data| Nuclide Assesament| Physical Data| Units | Serial Decay Y-ray Sets |

Dose Cah:u\aunnsl Shielding Data (B5 4094) Shielding Data (Archer et al) |

Shield Thickness (mmj Single Phase Zoom History Dec Places m
Tube (V) | Lead | Concrste | Steel | Gypsum | Glass | Brick | Wood | Plaster |Pb fAc®

H 30MoDsta  NoData  MoData  MNoData  MoData MoData  MoData  NoDsta Mo Dat:
i 503334E6 |NoData (001565 086572 07444 MoData 09851 Mo Data Mo Dat:
i 7000002942 NoData 005963 09007  0.80B1 MoData 09894 NoData 00002
L 90MoData  NoData  NoData  MNoData  MNoData MoData  MoData  NoData Mo Dats
L 1000.004606 NoData  (0.1508 0.936 0.8688 NoData 09919 NoData 0003
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Information about the components shown in Figure 13

Shield Thickness (mm} | | Shield thickness, in millimetres, used in transmission calculations. The
fractional x-ray transmission values are automatically calculated and displayed in the grid (table)
below.

[Single Phase 5| X-ray tube type; see descriptions earlier in this section.

Z] Click the up-arrow to go back to the previous zoomed view or the down-arrow to go to the next
zoomed view. NB. These buttons are only effective once you have created a set of zoomed views by
mouse-dragging within a displayed graph.

- Number of decimal places to display on the axes of the graph.

| PTibe AN Eead | icaneetel|  Click on a cell within the grid to display the associated x-ray transmission
j 30 Mo Data Mo Data curve. The value shown in each cell is the fractional transmission
Uy No Data through a shield of the material denoted by the cell's column heading, at
your entered thickness value, and at the x-ray tube voltage denoted by the cell's row heading.

When you enter a new shield thickness value or change the x-ray tube type in the two fields above the
grid, the displayed transmission values are automatically updated.

The displayed graph is also updated as you change the selected cell in the grid. You can do this by
either clicking a new cell with the mouse or by using the keyboard cursor keys.

NB. Each time the selected cell is changed, the zoom history buffer is cleared.

Double-click anywhere in the graph to 'toggle' between zoomed and
minimized views.

]2§ To resize the graph manually, use the left-mouse button to 'drag' the
| blue line (splitter-bar) at the top of the graph to a new position.

How do | configure and print displayed graphs?

The graphs displayed in both the BS4094 and Archer shielding pages can be printed by clicking the
right-mouse button anywhere within them and then selecting <Print Graph> when the pop-up menu
displays.

You can also change graph scaling by using the zoom function. To do this, mouse—drag16 anywhere
within the graph, starting at the lowest x and y co-ordinate you wish to display and then moving the
mouse to the highest x and y co-ordinate you wish to display. As you do this, the mouse icon changes
to a small square, with an arrow inside it, and the new 'zoomed' graph size is shown as an outline
rectangle as you move the mouse.

Zoomed views, once created, can be selectively displayed by clicking on the 'Zoom History' buttons
above the displayed graph.

To make a displayed graph fill the entire page, double-click with the mouse anywhere within it; double-
clicking again will revert the graph to its original size.

* Mouse-Dragging - is a Microsoft Windows term for a technique of moving or resizing an object on the screen. It's

achieved by selecting a screen object such as a grid or table heading with the mouse and then, simultaneously, moving
the mouse whilst keeping its left button depressed.
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Using the menus
The menu options available for this page are as follows.

Choose:
'‘Clear page' to clear data in the currently selected page or 'Clear
All' to clear data in all pages.

Choose:

'Set Form Colour' to change the background colour of the main
form; 'Scale Form on Resize' if you want all components on the
form to resize automatically when you change the size of the
form; 'Show Component Pop-Up Hints' if you want to view a
small help dialogue as you move the mouse over components
within the form or 'Show Tip of the Day at Start-up' if you want to
view a useful hints dialogue every time you run the Health
Physicist's Companion.

[JHealth Physicist's Co

Settings  Prnt H
Clear Al ~tion ‘
CleanFage

TTOOSE Calcanons | c

[ ]Health Physzicist's Companion

Rezet Print  Help

Mug|  5etFom Colour ‘
~  Scale Fomm on Resize
St Show Component Pop-up Hints

m v Show Tip of the day' at Start-up

2 |

Settings

[T

NB. New settings are permanently stored so that, each time you use the Health Physicist's Companion, your

preferences are reinstated.

Prints a screen-shot of the data in the displayed page.

Choose:

‘Contents' to display the Companion's help contents, index and
search dialogue; 'Data Sources' for information about the data
sources the Companion uses for its calculations; 'Radiation
Tutorial' for summary information about ionising radiation;
‘Legislation’ for information about ionising radiation legislation in
the United Kingdom; 'Calculator' to open the HP Calculator utility;
'HP Companion Registration' to register your copy of the Health
Physicist's Companion with Syberad; 'Contact Syberad' for
information about how to contact Syberad or 'About' for
information on the version of the Health Physicist's Companion
you currently have installed on your PC.

[]Health Physicist's Companion
FReset  Settings Help

Muclide Selection| Muclide Data

: Dose Calculstions | Shielding Data (BE

| W a

L O |

[JHealth Physicizt's Companion

Resst Settings F'rint

Muclide Selectic  Contents y
’ Diata Sources [bibliography)

Radiation Tutarial

W ray Set Pot Legislation 4
Calzulator F2

& Constant HP Carnpanion Fiegistration

« Pulsed Contact Spberad 4
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Chapter 8 - Radon and Thoron

Radon Hazards and Metrology

Radon is a colourless, odourless, gaseous radioactive element of atomic number 86 and mass
numbers in the range 198 to 227. All isotopes are radioactive, the most important being those that
arise in the primordial decay series of Uranium and Thorium. The radon isotope formed in the thorium
series is often referred to as thoron.

Radon Isotopes:

Isotope Decay Series Name

Rn 222 Uranium series (4N+2) - Uranium 238 parent
Rn 220 Thorium series (4N) - Thorium 232 parent
Rn 225 Neptunium series (4N+1) - Plutonium 241 parent
Rn 219 Actinium series (4N+3) - Uranium 235 parent

The effective dose arising from exposure to radon (Rn222) and thoron (Rn 220) daughters is almost
entirely due to their deposition in the lung during respiration and results in an increase in the risk of
lung cancer. Estimates of the lung cancer risk have been made from epidemiological studies of
cohorts known to have received significant radon daughters exposure namely, uranium and tin ore
miners ( ICRP, Publication 65"¢").

Exposure of these miners has historically been expressed in terms of working levels (WL); this was
originally defined as any combination of radon daughters, and later by extension thoron daughters,
present in 1 litre of air at normal temperature and pressure which had the potential to release

1.3x10° MeV of alpha particle energy during their ultimate decay. This energy approximates to that
released by radon daughters in secular equilibrium with 100 pico-curies (pCi) [3.7Bq] per litre of radon
222 gas.

Historically, time-integrated radon daughter exposure has been measured in working level months
(WLM), where a month is taken to be 170 hours (i.e. the number of hours worked by industrial workers
during a typical month). For radon gas in decay equilibrium with its dau%hters (i.e. the equilibrium
factor is unity), the WLM is equivalent to an activity exposure of 6.29x10” Bq hours per cubic metre for
radon and 4.63x10" Bg hours per cubic metre for thoron.

The potential alpha energy concentration in air (PAEC) is defined as the time-integrated alpha particle
energy released during the total decay of all the short-lived radon daughters present in a unit volume
of air. It is measured in units of energy per unit volume, normally as MeV per cubic metre.

For a given PAEC measurement, the equilibrium-equivalent radon gas concentration is that volumetric
concentration of radon gas, which in secular equilibrium with its daughters, has the given PAEC. The
difference between measured radon gas concentration and its corresponding equilibrium-equivalent
concentration is therefore a measure of the degree to which a radon daughter mixture is in secular
equilibrium with its parent radon gas. This difference is usually expressed as the ratio of equilibrium-
equivalent concentration to measured radon gas concentration and is referred to as the equilibrium
factor (F).

In domestic properties in the UK, F values are typically 0.5. Therefore, a radon gas concentration of
20 Bq per cubic metre in the home corresponds to an equilibrium-equivalent concentration of only 10
Bq per cubic metre. The primary determinant of the F value is environmental ventilation rate.
Stagnant air environments, such as underground caves, tend to have very high F values (i.e. radon
daughters are significantly equilibrated with the parent radon gas), whereas environments which have
greater ventilation, such as homes, tend to have lower F values.

The estimation of radiation dose to the lungs resulting from exposure to radon daughters, expressed
as WLMs, greatly depends upon the degree to which these radionuclides are attached to aerosols in
respirable air and the degree to which they are in decay equilibrium with one another. Aerosol
deposition in lung tissue depends upon particle diameter, breathing rates and occupancy. These
factors make it very difficult to interpret epidemiological data, for conditions such as lung cancer, in
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terms of effective dose. These problems are compounded by the difficulty in equating domestic radon
daughter exposures with those arising in workplaces such as mines; equilibrium factors and exposure
levels are of a quite different order in each of these environments.

In the UK, the National Radiological Protection Board (NRPB, 1990) recommends that action should
be taken to reduce radon levels in homes if its gas concentration exceeds 200 Bq per cubic metre; this
corresponds to an equilibrium-equivalent concentration of 100 Bqg per cubic metre.

The Radon Calculator

The radon calculation fields are located at the bottom of the Units Page; their layout is shown
in the diagram below.

Radon You can't complete radon quantity calculations
Radon lsotop Ges Conc. (Bam-2) 00 until you have entered a valid exposure time
Set Equilib F: m o .
o Ran(Enz2 M@ | e 0 ] and radon gas equilibrium factor. Once you
Working Levels pom= | have done this, you can enter values in any of
Equilib Fact 0.5 N . .
e sasponeTine © | the radon quantity fields at the bottom-right of
Working Level Months 0.05304 . .
Semmneine L e ge=—— | the page; all dependent quantities will be
IW;, ity Exp. (B h m-3) 6 67264 N
Detriment updated automatically as you type.
Worker effective dose (mSv) |7

The Calculator can determine the following quantities:

Radon Gas Concentration

Potential Alpha Energy Concentration in Air (PAEC)
Working level (WL)

Working level month (WLM)

Activity Exposure and

Cancer risk.

These quantities have a serial relationship (as laid out in the Units page); each is related to the
other by a scaling coefficient. For some quantities, these coefficients are also dependent upon the
selected radon isotope, i.e. radon 222 or radon 220 (thoron). For more information, see the
Radon Schematic on page 54.

The equilibrium factor is used to convert PAEC into an equivalent radon gas concentration. It
should be set to unity for radon daughters that are known to be in complete equilibrium with their
parent radon isotope. The radon gas concentration will have two values for any given PAEC, one
for radon and another for thoron. If you have both radon gas concentration and PAEC data, you
can calculate the equilibrium factor by clicking the 'Set Equilib Factor' check-box and entering the
PAEC and radon gas concentration values.

The exposure time is used to convert working level and PAEC into a working level month (WLM) value
and to convert the radon or thoron gas concentration (as the case may be) into an activity exposure
value.

NB. The radon calculator converts exposure time values into Working Level Months (WLM) for the
purpose of calculation. Since this quantity is based upon occupational (i.e. worker) exposure
considerations, you should note the following equivalencies when entering an exposure time.

21.25 days = 1 WLM

170 hours = 1 WLM
10200 minutes = 1 WLM
612000 seconds = 1 WLM

If you want to calculate radon exposure for the general population, you should use the hours, minutes
or seconds time quantities; the months and days time quantities are inappropriate for this purpose
because they are based on 8 hour (i.e. a work shift) rather than 24 hour daily exposure.
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Radon Calculator Schematic

The schematic below shows how the radon calculator computes radon quantities from your entered
values. Each of the rectangular boxes represents a user-input field.

Radon Calculation Flow Diagram When you change a value represented by a rectangular
box in the schematic, the radon calculator updates all
Radon Gas corresponding quantities. The algorithm works by
T incrementing the activity exposure from zero until your
entered value is achieved. This programming design
allows the use of a single coding method for the calculation

<« | Equilibration Factor of any entered radon quantity.

The circular symbols denote the calculation coefficients
that are used; their values are as follows:

Potential Alpha Energy

Concentration in Air A - Radon gas concentration, in Bq per cubic metre, is
equal to the product of coefficient A and the PAEC, in
joules per cubic metre, divided by the equilibrium factor.
Coefficient A has the value 1.81x108 for radon and
1.32x107 for thoron.

@

; B - The working level is equal to the quotient of the PAEC,
Working Level in MeV per cubic metre, and coefficient B. Coefficient B
has the value 1.3x108.

C - The working level month (WLM) is equal to the product
of working level and the exposure time in months, where a
month is 170 hours.

Exposure Time

T

D - The activity exposure in Bq hours per cubic metre is
equal to the time-integral of the radon or thoron gas
concentration. For daughters in decay equilibrium with the
parent radon or thoron gas, the activity exposure is equal
to the product of coefficient D and the working level month
value, where D has the value 6.29x105 for radon daughters
and 4.63x104 for thoron daughters.

Working Level Month

@

Activity Exposure E - The lifetime cancer risk value is based upon the
extrapolated probability of lung cancer death for both
sexes. The figure includes smokers and non-smokers
alike. Cancer risk is equal to the product of activity
exposure, equilibrium factor and coefficient E.

@

For radon or thoron gas in decay equilibrium with its
Cancer Risk daughters, coefficient E has the value 4.5x10-10 and
6.1x10-9 respectively.

Cancer risk can also be expressed in terms of radon or thoron daughter time-integrated exposure;
here the risk is 2.83x10 per WLM. For more information about radon quantity conversion
coefficients, you should consult ICRPY, Publication 65“°”.

NB. The radon calculator converts exposure time values into Working Level Months (WLM) for the
purpose of calculation. Since this quantity is based upon occupational (i.e. worker) exposure
considerations, you should note the following equivalencies when entering an exposure time.

21.25 days = 1 WLM
170 hours = 1 WLM
10200 minutes = 1 WLM

612000 seconds = 1 WLM

If you want to calculate radon exposure for the general population, you should use the hours, minutes
or seconds time quantities; the months and days time quantities are inappropriate for this purpose
because they are based on 8 hour (i.e. a work shift) rather than 24 hour daily exposure.

7 ICRP - International Commission on Radiological Protection.
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Chapter 9 - Radioactive Decay

Radioactive decay is a statistical exponential rate process. The number of atoms ( N ) likely to decay
at any given moment ( dN/dt ) is proportional to the number of atoms present. The proportionality
constant is given the Greek letter lambda (| ) and is referred to as the decay constant, its value varies
greatly from one radionuclide to the next.

Radioactive decay can be represented

RADIOACTIVE DECAY mathematically as a first-order differential
12 equation as follows:
dN
g Eq) -—=IN
dt

S
fea)

This equation is readily integrated to give:

_
Eq(2 Ng =Noe '

Fraction Remaining
(o]
[ex]

04
02 In which (N,) is the number of atoms present at
' time (t) equals zero.
1]
0 1 2 3 4 5 Equations 1 and 2 show that both the nuclear

Number of Half-ives disintegration rate and the number of parent
nuclei fall exponentially with time (see figure).
The time taken for the disintegration rate to reach half its original value, or for half the original number
of atoms to disintegrate, is called the halflife (t,. ). Equation (2) can therefore be restated in terms of
halflife as follows:

Eq(3) N :No(l/z)t where t:t%

The reciprocal of the decay constant (| ) gives the mean-life and is given the Greek letter tau (t ).

The decay constant (| ) and halflife ( ty,) have the following relationship:
log. 2 0.693

Eq4) | ="k
t(l/z) t(l/z)

For radionuclides that decay by more than one process (decay mode), the total decay constant is the
sum of the partial decay constants for each decay mode. Potassium-40 is an example of such a
radionuclide; it decays 89% of the time by beta emission (b - ) and 11% of the time by electron
capture. The partial halflife for a particular decay mode is the reciprocal of the partial decay constant
for that mode multiplied by In2 (0.693).

When a radionuclide decays, it transmutes into another nuclide (daughter) which itself may also be
radioactive. Some radionuclides go through a series of such decays before reaching a stable
daughter nuclide. This process is called serial radioactive decay or transformation.

Consider the case of a radionuclide decay chain in which the parent (generation 1) of decay constant
(1.) decays into a radioactive daughter (generation 2) of decay constant (| ,). If the second-
generation radionuclide is not present at time equals zero, it will appear exponentially as its parent
decays but, like its parent, will eventually decay away; equation (5) mathematically describes this
situation. The relation of parent to daughter decay rate is a function of their respective decay
constants.

The number N, of daughter nuclei existing at time (t) in terms of the number N,(0) of parent nuclei
present at time equals zero is given by:

_|1 ot

t |
e -¢€

EqB) N =!iNy, ||
2~ 1

Where ( €) is the logarithmic constant 2.71828.
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The general equation for a chain of (n) generations with only the parent initially present (when time

equals zero) is as follows:

ot

- |
Eq(6)  Nyg =Ny (Cle '+ CLe

The coefficient values for equation (6) are given by:

+oc

1
Eq(7 C.=
R P T WP
1
C, =
’ (|1' lz)(l 3- | 2)(' n- | 2)
1
C.=
(.- 1)02-1). 010
Alpha decay
An exzample of alpha radicachivily
241 23'."Np + a
Hp
Al PHA DECAY OF AMERICIUM-241
Beta decay

Anexamplke of beta radicactivity

H — = %He + B

| BETA DECAY OF TRITIUM |

It
+C.e )I 1I 2---| n-1

In alpha decay, an energetic helium ion (alpha
particle) is ejected, leaving a daughter nucleus
of atomic number two less than the parent and
of atomic mass number four less than the
parent. Alpha decay is given the Greek
symbol a

The energy released is given the symbol 'Q’
and is measured in millions of electronvolts
(MeV).

An example is the decay (symbolized by an
arrow) of uranium 238 to a thorium daughter:

U B® “2Th + JHe

Q =4.268MeV ;=451 10" years

Beta decay is any of three processes of
radioactive disintegration by which some
unstable atomic nuclei spontaneously
dissipate 'excess' nuclear energy and undergo
a change of one unit of positive charge without
any change in mass number. The three
processes are called electron emission,
positron (positive electron) emission, and
electron capture.

In electron emission, an unstable nucleus
ejects an energetic electron (of relatively
negligible mass) and an anti-neutrino (with no
rest mass). The energy needed to create the
electron rest mass and its ejection kinetic
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energy comes from the increase in nuclear binding energy that results from the conversion of one of
the unstable nucleus' neutrons to a proton. Electron emission is therefore characterized by an
increase in atomic humber as the unstable nucleus decays to its daughter. For example, hydrogen-3
(atomic number 1, mass number 3) decays to helium-3 (atomic humber 2, mass number 3). Electron
emission by beta decay is given the Greek symbol b (see figure).

The energy lost by the nucleus is shared between the ejected electron and the anti-neutrino; relative
energy proportions varying from one nuclear disintegration to the next. The electron emission spectra
produced by radioactive materials that decay by this mode are therefore not mono-energetic but span
a range, between a maximum value and zero, depending upon whether the ejected electron receives
all or none of the available transition energy.

In positron decay, also called positive beta decay, a
An exampk: of positron radicactivity proton in the parent nucleus 'decays' into a neutron.
The increase in binding energy created when this
happens is used to create a positron (anti-electron)
and a neutrino, which has no rest mass. Positive beta
decay therefore produces a daughter nucleus of
atomic number one less than the parent. Positron
emission was first observed by Iréne and Frédéric
Joliot-Curie in 1934. As with electron emission, the
transition energy is ‘consumed' by the production of
c—=1n = ¥ the positron rest mass with the remainder appearing
as kinetic energy shared between the positron and
neutrino. Positron spectra like electron emission
spectra, are therefore not mono-energetic. Positron
emission is only energetically possible for transition energies that exceed the energy equivalence of
two rather than one electron rest mass; this is because 'conversion' of a proton into a neutron itself
requires the energy equivalent of one electron rest mass.

‘ POSITRON DECAY OF CARBON-11 ‘

In electron capture, an electron orbiting the nucleus
combines with a nuclear proton to produce a neutron,
which remains in the nucleus, and a neutrino which is
ejected. Most commonly, the electron is captured
from the innermost (K) shell of electrons and, for this
reason, the process is often called K-capture. As in
positron emission, the nuclear positive charge and
therefore atomic number decreases by one unit, and
the mass number remains the same. Electron capture
is a competing process with positron emission; most

\ (PO @A [ (AN | positron emitters will therefore exhibit some degree of
electron capture. However, unlike positron decay, the
minimum transition energy does not have to exceed
the energy equivalence of two electron rest masses because the electron rest mass needed to convert
a proton to a neutron is gained from the orbital electron capture process. Electron capture is the only
decay process that is energetically possible for some radioactive decay transitions and may therefore
take place in the absence of positron emission.

Anexample of eection caplure

In comparison with other forms of radioactivity, such as gamma and alpha decay, beta decay is a
relatively slow process. Halflives for beta decay are never shorter than a few milliseconds.

Gamma decay

Gamma ray emission occurs in unstable nuclei which dissipate
nuclear excitation energy by a spontaneous electromagnetic
process (see figure). Gamma emission is denoted by the Greek
symbol g

Gamma decay also includes two other electromagnetic processes,
namely, internal conversion and internal pair production.
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In internal conversion, excess energy in a nucleus is directly transferred to one of its own orbiting
electrons, thereby ejecting the electron from the atom. In internal pair production, excess energy is
directly converted, within the electromagnetic field of a nucleus, into an electron and positron™® pair
which are both then ejected from the nucleus.

Although gamma ray emission is the predominant process in gamma decay, internal conversion
always accompanies it to some extent. However, at low nuclear excitation energies, internal
conversion is often the predominant decay mode.

For internal pair production to be energetically possible, nuclear excitation energy must exceed the
energy equivalent of the rest mass of two electrons, i.e. 1.02 MeV.

The unstable nuclei that undergo gamma decay are either the products of other types of radioactivity
(e.g. alpha and beta decay) or of some other nuclear process, such as neutron capture in a nuclear
reactor. Gamma decay is essentially the process by which nuclei that have undergone these decay or
capture processes de-excite to the nuclear ground state.

Gamma emission halflives range from immeasurably short (femto-seconds) to 200,000 years
(Rel86m). Excited nuclei, for which the halflife is measurable, are referred to as metastable isomers
of their nuclear ground states.

Proton decay

Proton decay is a special class of rare beta (positron) decay that gives rise to heavy particle emission.
In these processes, beta (positron) decay can cause excitation of the daughter nucleus which
subsequently de-excites by the emission of a proton.

Pure proton radioactivity, discovered in 1970, is exhibited by an excited isomeric state of cobalt-53.
This radionuclide decays by proton emission with a fractional radioactivity of 1.5 percent.

However, all radionuclides exhibiting proton decay in the HPC database, do so following an initial beta
(positron) decay.

Neutron decay

Neutron decay is a special class of rare beta-decay that gives rise to heavy particle emission. In these
processes, beta decay can partly cause excitation of the daughter nucleus which subsequently de-
excites by the emission of a neutron.

All radionuclides exhibiting neutron decay in the Companion's database, do so following an initial beta
decay.

Spontaneous fission

Spontaneous fission is a type of radioactivity associated with high atomic number radionuclides. In
this process, a nucleus splits into two fragment nuclei of roughly half the parent mass. The process is
only barely detectable since most radionuclides that exhibit it also decay by alpha emission. Uranium
238, uranium 235 and plutonium 239 are well-known examples of radionuclides that undergo
spontaneous fission.

In the case of some of the heaviest artificial nuclei, for example fermium-256, spontaneous fission is
the predominant mode of radioactive decay.

Nuclear fission releases huge amounts of energy; this is manifest as kinetic imparted to the nuclear
fragments and ranges between 150 to 200 MeV.

When nuclear fission occurs, a few neutrons are also emitted. These particles typically have energies
of a few MeV and are an important feature of nuclear chain reactions. Spontaneous fission should not
be confused with induced fission, the process involved in nuclear reactors. Thermal neutron

'8 A positron is a positively charged electron and, as such, is an anti-matter particle
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capture-induced fission is a property of radionuclides that have odd mass numbers, for example
uranium-235, plutonium-239, and other high atomic number isotopes with odd mass numbers.

Internal transition

Internal transition is the collective name for a number of decay processes whereby an excited nucleus
undergoes de-excitation, usually to the ground state. Gamma photon emission and internal
conversion are two examples of internal transitions.

Metastable and isomeric states

Most particulate decay processes, such as alpha and beta decay, involve nuclear transitions that
leave the daughter nucleus in an excited state. However, de-excitation times are usually so short that
the gamma photon produced by the nucleus, as it de-excites, appears concomitantly with the
particulate emission. It is only when de-excitation is delayed, to the extent that the excited nucleus
appears to have a quite different halflife from the particulate decay process giving rise to it, that the
nucleus is considered to have completed an entirely separate internal transition.

Radionuclides that exhibit this behaviour are called metastable or isomeric; a well-known example
being the decay of M099 to Tc99 by beta emission. The increase in nuclear binding energy that
occurs during this nuclide's decay is split between two temporally separate transitions: a beta decay to
produce an excited isomer or metastable state of Tc99 (referred to as Tc99m) which then undergoes a
6 hour halflife internal transition, involving the production of a 141keV gamma photon, to form Tc99.

Internal Conversion

Internal conversion is a nuclear de-excitation process that involves the transfer of nuclear excitation
energy directly to an orbital electron, which is then ejected, from the atom. This is energetically
possible because in quantum mechanical theory, orbital electrons have a finite probability of passing
through the nucleus around which they are considered to be in 'orbit'. The probability of de-excitation
by this process is however small compared to gamma transitions.

lonising radiation attenuation in matter

Radiation absorption is summarized in the diagram below. For a detailed account of photon (i.e.
gamma and x-ray) absorption processes, see Chapter 10.

Alpha radiation propagates only a few centimetres in air and is
completely attenuated by a thin piece of paper. It can't

sem kad penetrate the dead, cornified layer of the epidermis (skin) and so
doesn't pose an external radiation hazard.

Rules of thumb for shiekding against varnous types of radiation

bata

Beta radiation is more penetrating and may, depending upon

gamma
energy, propagate several metres in air. Energies above 70keV
noution will penetrate to the upper layers of the epidermis and so this
© I radiation can be a significant contributor to extremity and skin

dose. Beta radiation is completely attenuated by a thin sheet of
aluminium, but if high atomic number ( Z ) absorbers are used as a shield, the linear energy transfer
may be high enough to cause bremsstrahlung radiation emission (see page 62), which is much more
penetrating. It is therefore important to use low-Z materials, such as water and plastics, as shielding
for this type or radiation.
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Chapter 10 - Photon Absorption Processes

Photoelectric absorption

Photoelectric absorption is a phenomenon characterized by the ejection of charged particles when
electromagnetic energy is absorbed in matter. Electrons are the particles that are typically ejected in
photoelectric processes; any photon having an energy that exceeds an electron's atomic binding
energy is capable of causing it to be ejected from the atom to which it is 'bound’. Gamma rays, x-rays,
and visible and ultraviolet light are all capable of being absorbed in matter by photoelectric absorption.

Photoelectric absorption is a phenomenon that can't be explained using classical wave theory. This is
because charged particle ejection energy is dependent upon electromagnetic radiation wavelength
rather than intensity. In explaining the photoelectric effect, Einstein assumed that electromagnetic
radiation was quantized, i.e. it propagates through matter as discrete energy 'packets’ called photons.
His theory suggested that a photon could penetrate matter, where it would collide with an atom and be
absorbed; since all atoms have electrons, an electron would be ejected from the atom with great
velocity by this absorption process. According to Einstein, each light quantum consists of an amount
of energy equal to the product of Planck's universal constant (h) and its frequency (n).

Gamma and x-ray photoelectric absorption cause atomic ionization as electrons from target material
atoms are ejected. These electrons may themselves cause further ionization within the target material
as they travel through it and are eventually captured by a positively charged atom; this phenomenon is
called secondary ionization.

lonization events may involve the innermost atomic energy shells of the atoms of the absorbing
material; such electron 'vacancies' may then be filled by the de-excitation of an electron located in a
lower energy shell. When this occurs, the increase in electron binding energy that results is converted
into an x-ray photon which itself may cause further ionization events within the absorbing material.
Another energetically possible way for electron de-excitation energy to be converted is in a process
called Auger electron emission; here de-excitation energy is simultaneously transferred to one or a
number of outer orbital electrons, causing them to be ejected from the target atom.

The Auger effect is generally but not exclusively observed at high photon energies; the *filling' of an
inner vacancy by the de-excitation of an orbital electron can be followed by a great number of different
Auger transitions. This phenomenon, coupled with the development of high-resolution spectroscopy
and improved methods for the study of low-energy electrons, makes the Auger effect an important tool
in the exploration of many nuclear processes such as capture and internal conversion.

Compton scatter

Compton scatter is one of the ways in which gamma and x-ray radiation is absorbed in matter. Itis
characterized by an increase in emission wavelength and therefore a decrease in photon energy. It
occurs when gamma photons are elastically scattered by electrons within the material through which
they are propagating. Compton scatter is the principal way in which photons at gamma and x-ray
energies are absorbed in matter. The effect has proved to be one of the cornerstones of quantum
mechanics, a theory which explains both the wave and particle properties of radiation and matter.

The American physicist Arthur Holly Compton explained (1922; published 1923) this wavelength
increase by considering x-rays as being composed of discrete pulses, or quanta, of electromagnetic
energy, which he called photons. Photons have energy and momentum as well as wave
characteristics, such as wavelength and frequency. A photon's energy is directly proportional to its
frequency and inversely proportional to its wavelength.

In the Compton effect, individual photons collide with free and loosely bound single electrons present
within the material through which they are propagating. In doing so, some photon energy and
momentum is transferred to the electron causing it to recoil. At the instant of photon collision, a new
photon, of less energy and momentum, is produced and scattered at an angle dependent upon the
amount of energy lost to the recoiling electron.

Because of the relationship between energy and wavelength, a Compton scattered photon has a
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wavelength that depends on the size of the scatter angle: the greater the angle of scatter, the longer
the wavelength and therefore the lower the energy of the scattered photon. The increase in
wavelength, referred to as the Compton shift, does not depend on the wavelength of the incident
photon.

Compton scatter is often referred to as a form of incoherent scatter because it involves energy
deposition within the propagating medium, it is therefore an inelastic interaction phenomenon (see
Rayleigh scatter).

Compton scatter was discovered independently by Peter Debye in early 1923.

Pair production

Pair production is the formation or materialization of two electrons, one negative and the other positive
(positron), from a pulse of electromagnetic energy travelling through matter, usually in the vicinity of an
atomic nucleus.

Pair production involves the direct conversion of electromagnetic energy to matter. It is the principal
way in which high-energy gamma rays are absorbed in matter. For pair production to be energetically
possible, the mass equivalence of the photon energy must be at least that of two electrons.

The mass m of a single electron is equivalent to 0.511 MeV of energy (cf. Einstein's mass-energy
equivalence formula; E = mc?, in which ¢ is a constant equal to the velocity of light). Therefore, to
produce two electrons, photon energy must be at least 1.022 MeV. If photon energy is greater than
this threshold, the excess is converted into kinetic energy that is shared equally between the electron
and positron pair.

If pair production occurs in a track detector, such as a cloud chamber, to which a magnetic field is
applied, the electron and the positron pair follow curved trajectories in opposite directions. In this way,
pair production was first detected in 1933.

Positrons are anti-particles and so are annihilated when they encounter an electron in the material in
which they are generated. This process leads to the production of two 511 MeV gamma photons that
propagate in mutually opposite directions from the point of their production (to conserve momentum).
Positron annihilation absorption cross-sections are very large and so positron mean free paths are
very short; consequently, their range in matter is much shorter than that for electrons.

Internal pair production, a type of gamma decay, occurs when an excited nucleus that has at least
1.022 MeV of excess energy, directly ejects an electron-positron pair without first producing a gamma
photon.

Rayleigh scatter

Dispersion (diffraction) of electromagnetic radiation by particles of matter that have a radius less than
1/10 of the radiation's wavelength is referred to as Rayleigh scatter. The process is named in honour
of Lord Rayleigh, who published a paper describing the phenomenon in 1871.

In the case of ionizing electromagnetic radiation such as x-rays and gamma rays, the particles which
cause Rayleigh scatter (diffraction) are the atoms of the material through which the photons are
propagating.

Rayleigh scatter is an elastic photon interaction phenomenon often referred to as coherent scatter; it
therefore does not cause energy deposition in a propagating medium, only a change in photon
trajectories within it. Unlike Compton scatter, in which scatter angles approaching 180 degrees are
commonplace (so-called backscatter), Rayleigh scatter seldom exceeds 90 degrees (i.e. interaction
cross-sections for larger scatter angles are very small). The phenomenon is therefore often described
as forward scatter.

A visible radiation example.

The angle through which sunlight is scattered by gas molecules found in the atmosphere varies
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inversely as the fourth power of its wavelength; hence, blue light, which is at the short wavelength end
of the visible spectrum, is scattered much more strongly than red light which has a longer wavelength.
This results in the blue colour of the sunlit sky; in directions other than towards the Sun, the observer
sees only scattered light.

Bremsstrahlung radiation

The production of x-rays when a charged particle is rapidly accelerated.

When a charged particle (e.g. beta radiation) passes close to a nucleus, the strong coulomb force
causes the particle to deviate sharply from its original path. The change in direction is due to radial
acceleration and the particle, in accordance with classical theory, loses energy by electromagnetic
radiation at a rate proportional to the square of the acceleration.

The following empirical relationship may be used to estimate bremsstrahlung emission from beta
radiation incident on an absorber:

f =35 10" ZE

Where:
f = fraction of incident beta radiation kinetic energy that is converted into photons
Z = the atomic number of the absorber
E = the maximum kinetic energy (Enax) Of the beta radiation in MeV
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Chapter 11 - Photon Absorption Coefficients

This chapter is taken from explanatory information produced by NIST® for their published
coefficients. These data are used by the Health Physicist's Companion by kind permission of
NIST.

Introduction

The mass attenuation coefficient, mr [mu/rho in English], and the mass energy-absorption coefficient,
m./r [muen/rho in English], are basic quantities used in calculations of penetration and energy
deposition by photons (x-ray, gamma ray, bremsstrahlung) in biological, shielding and other materials.
These coefficients are defined in ICRU Report 33 (1980).

The mass attenuation coefficient

A narrow beam of mono-energetic photons with an incident intensity |,, penetrating a layer of material
with mass thickness™® x and density r , emerges with intensity | given by the exponential attenuation
law.

@ ="

Where:
MIr = mass attenuation coefficient (m? kg™

Equation (1) can be rewritten as:

m 1~ Elod
Eq(2 ¢ =x" log. €\~

from which mir can be obtained from measured values of I, | and x.

The various experimental arrangements and techniques from which nir can be obtained, particularly
in the crystallographic photon energy/wavelength regime, have recently been examined and assessed
by Creagh and Hubbell (1987, 1990) as part of the International Union of Crystallography (IUCr) X-
Ray Attenuation Project. This has led to new tables of nir in the 1992, International Tables for
Crystallography (Creagh and Hubbell, 1992).

The mir data used in the Health Physicist's Companion rely heavily on theoretical values for the total
cross-section per atom, s, which is related to nir according to:

ECI(3) r_n = Sﬂ

nA

In Eq. (3), u is the atomic mass unit in grammes ( '/;, of the mass of an atom of nuclide 12c .

1.6605402x10* g), A, the relative atomic mass of the target element, and S [sigma(tot) in English]
the total photon interaction cross-section.

The mass attenuation coefficient nir , is numerically equivalent to the quotient of the linear attenuation
coefficient m(m™) and the density (kg m'3) of the absorbing material to which it applies.

The total cross-section can be written as the sum over contributions from the principal photon
interactions:

Eq(4) S tot =S pe +S coh +S incoh +S pair +S trip +S ph.n.

¥ Mass thickness is defined as mass per unit area; it is numerically equal to the product of an absorber's linear

thickness (m) and density (kg m*)
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Where s is the atomic photoelectric cross-section, scq, and siycon the coherent (Rayleigh) and
incoherent (Compton) scatter cross-sections, respectively, S, and Sy, the cross-sections for
electron-positron production in the fields of the nucleus and of the atomic electrons, respectively, and
Sph.n. the photonuclear cross-section.

Photonuclear absorption of a photon by the atomic nucleus usually results in the ejection of one or
more neutrons and/or protons. This interaction can contribute as much as 5-10% to the total photon
interaction cross-section but in a fairly narrow energy region, usually somewhere between 5 and 40
MeV. The absorption cross-section greatly depends upon where the giant resonance of the target
nuclide falls (see, Hayward, 1970; Fuller and Hayward, 1976; and Dietrich and Berman, 1988; also the
illustrative tables in Hubbell, 1969, 1982). The effects of this interaction can be observed in
measurements of the total attenuation coefficients (see, Gimm and Hubbell, 1978).

The data used by the Health Physicist's Companion are calculated according to:

+S ir +Strip)/nA

Eq(5) m/r = (S pe +Ss coh +Ss incoh pai
Values for the relative atomic mass A, of target elements are taken from Martin (1988); values for the
individual contributing cross-sections are those found in the current NIST® database (see Berger and
Hubbell, 1987), as outlined below.

Atomic photoelectric effect. For photon energies from 1 keV to 1.5 MeV, values of the photoelectric
cross-section, sy, are those calculated by Scofield (1973), based on his solution of the Dirac equation
for the orbital electrons moving in a static Hartree-Slater central potential. No re-normalisation was
performed using those factors given by Scofield for the elements with Z = 2 to 54 to convert to values
expected from a relativistic Hartree-Fock model. This represents a break with the practice by Hubbell
(1977, 1982) and Hubbell et al. (1980) in which this re-normalisation had been done.

Absorption-edge fine structure can be experimentally observed using continuum-energy photon
sources and high-resolution detectors (see Faessler, 1955; Deslatters, 1969; Hubbell et al., 1974;
Lytle et al., 1984; and Del Grande, 1986, 1990), and the observed variations are subject to chemical,
phase and other environmental effects, such as temperature (Lytle, 1963). The cross-sections in the
vicinity of absorption edges are assumed to have simple sawtooth shapes. Values at the edge have
been obtained by extrapolation of the near-edge sub-shell cross-sections of Scofield (1973) to the
threshold edge energies given by Bearden and Burr (1967), according to the same procedure used by
Berger and Hubbell (1987) to prepare the NIST database.

The interpolation procedures used for the present NIST tables are slightly different from those used by
Berger and Hubbell; a cubic Hermiter interpolant for the individual sub-shell cross-sections rather than
a cubic spline for the total photoelectric effect cross-section has been used, this results in occasional
small differences in the vicinity of M- and N-shell edges of high-Z elements.

Scofield's (1973) photoeffect calculations were limited to photon energies of 1.5 MeV and below. His
data were extended to higher energies (where the photoelectric cross-section is quite small) by
connecting them to the high-energy asymptotic values of Pratt (1960) through use of a semi-empirical
formula (Hubbell, 1969).

Coherent and incoherent scatter. Values for the coherent (Rayleigh) scatter cross-section, S are
taken from Hubbell and Overbo (@verbo) (1979). These were calculated by numerical integration of
the Thomson (1906) formula weighted by Fz(q, Z), where F(q, Z) is the relativistic Hartree-Fock atomic
form factor and q is the momentum transfer. The compilation of F(q, Z) by Hubbell and Overbo was
based on piecing together, over the different ranges of g and Z, values given by Pirenne (1946) for

Z = one, and those of Doyle and Turner (1968), Cromer and Waber (1974) and Overbo (1977, 1978)
for the other elements.

Values for the incoherent (Compton) scatter cross-section, Si..n, are from Hubbell et al. (1975),
obtained from numerical integration of the Klein-Nishina (1929) differential formula weighted by the
incoherent scattering function S(q, Z). For their compilation of S(q, Z) , Hubbell et al. pieced together
results given by Pirenne (1946) (Z = 1), Brown (1970a, 1970b, 1971, 1972, 1974) (Z = 2 - 6, with
configuration interaction) and by Cromer and Mann (1967) and Cromer (1969) (Z = 7 - 100, from a
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non-relativistic Hartree-Fock model). Radiative and double-Compton corrections from Mork (1971)
were applied to the integrated values for Sicon.

Electron-positron pair and triplet production cross-sections. Cross-sections for the production of
electron-positron pairs (e-, e+) in the field of the atomic nucleus, s, and for the production of triplets
(2e-, e+) in the field of the atomic electrons, s, are taken from the compilation of Hubbell et al.
(1980). Their synthesis combined the use of formulae from Bethe-Heitler theory with various other
theoretical models to take into account screening, coulomb, and radiative corrections. Different
combinations were used in the near-threshold, intermediate and high-energy regions to obtain the best
possible agreement with experimental cross-sections (Gimm and Hubbell, 1978).

The mass energy-absorption coefficient

The methods used to calculate the mass energy-absorption coefficient, m,/r [mue,/rho in English], are
described perhaps more clearly through the use of an intermediate quantity, the mass energy-transfer
coefficient, m./r [muy /rho in English].

The mass energy-transfer coefficient, m./r , when multiplied by the photon energy fluence, gives
the dosimetric quantity kerma. As discussed in depth by Carlsson (1985), kerma has been defined
(ICRU 1980) as, and is an acronym for, the sum of the kinetic energies of all those primary charged
particles released by uncharged particles (here photons) per unit mass. Thus, m,/r doesn't take into
account the kinetic energy released by subsequent absorption of secondary photon radiations (e.g.
Compton-scatter photons), produced at the initial photon-atom interaction site, and by convention,
doesn't take into account the quanta of radiation arising from the annihilation of positrons (assumed to
have come to rest) produced in pair and triplet production interactions.

NB. Care must therefore be exercised when using mass energy-transfer and mass energy-absorption
data to infer radiation absorbed dose. The extent to which these unaccounted for secondary

radiations contribute to absorbed dose will depend upon the irradiation geometry and the physical
extent and composition of the medium of interest.

M /r is defined as:

Eq(6) rrlr/r :(fpes pe + fincohs incoh + fpairs pair + ftrips trip)/nA

In Eq.(6), coherent scatter has been omitted because of the negligible energy transfer associated with
it, and the factors f represent the average fractions of the photon energy E that is transferred to kinetic
energy of charged particles in the remaining types of interactions.

These energy-transfer fractions are given by:

Eq(7) fpe =1- (X/E)

where X is the average energy of fluorescence radiation (characteristic x-rays) emitted per absorbed
photon;

EA®)  fron=1- (E§+X)/E

where E'is the average energy of the Compton-scattered photon; and
Eq©) f,, =1- 2mc’/E

where mc? is the rest energy of the electron; and

Eq10) f,,,=1- (2mc? + X )/E

trip

The fluorescence energy X in Eq.(7), (8), and (10) depends on the distribution of atomic-electron
vacancies produced in the process under consideration and is, in general, evaluated differently for



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 66 of 96

photoelectric absorption, incoherent scatter, and triplet production. Moreover, X is assumed to include
the emission of "cascade" fluorescence x-rays associated with the complete atomic relaxation process
initiated by the primary vacancy, the significance of which has been pointed out by Carlsson (1971).

The mass energy-absorption coefficient involves the further emission of radiation produced by the
charged particles in travelling through the medium, and is defined as:

Eq1) m,/r =@- g)m,/r

The factor g in Eqg.(11) represents the average fraction of the kinetic energy of secondary charged
particles (produced in all the types of interactions) that is subsequently lost in radiative (photon-
emitting) energy-loss processes as the particles slow to rest in the absorber. The evaluation of g is
accomplished by integrating the cross-section for the radiative process of interest over the differential
track length distribution established by the particles in the course of slowing down. In the continuous-
slowing-down approximation, the track length distribution is replaced by the reciprocal of the electron
or positron total stopping power of the absorber. Even assuming Bragg additivity for the stopping
power (that now appears in the denominator of the integral), simple additivity for m,/r or, as
suggested by Attix (1984), for g is formally incorrect. When the numerical values of g are relatively
small, the errors in my, /r incurred by using simple additivity schemes are usually small, a
consequence partially mitigating the use of additivity, particularly for photon energies below 20 MeV.
However, additivity has not been used in the data used by the Health Physicist's Companion.

For the calculation of g, the radiative (bremsstrahlung) stopping powers used are based on the results
by Seltzer and Berger (1985, 1986) and Kim et al. (1986), and are very slightly different from the
values used in ICRU 37 (1984). The collision stopping powers, evaluated according to the
prescriptions in ICRU 37 (1984), include departures from simple Bragg additivity due to chemical-
binding, phase, and density effects, as reflected in the choice of the mean excitation energy | and
density r for the medium.

Photoelectric Absorption. The radiative losses for photoelectrons have been evaluated according to:

é U o o u
Eq2)  ge=efE g Awd e,y (B Bu)Y(E-B,)
e u ' e u

where M/T is the total photoeffect mass attenuation coefficient for an incident photon of energy E
in the medium, (my./r )n; is the corresponding coefficient for the n th atomic electron sub-shell of the
i th elemental constituent, B,; is the binding energy of that sub-shell and,

Eq@3)  Y(T)=Y.(T)+Y(T)

is the total radiative yield. The total radiation yield has been evaluated as the sum of two components.
The bremsstrahlung yield, Y(T), is the mean fraction of the initial kinetic energy T of an electron (or
positron) that is converted to bremsstrahlung energy as the particle slows down to rest; and the x-ray
energy vield, Y,(T), usually very much smaller than Y(T), is the mean fraction of the initial kinetic
energy converted to fluorescence emission due to ionization by the electron (or positron) in the course
of its slowing down. The very small radiative losses for the associated Auger electrons have been
neglected.

Incoherent (Compton) Scatter. For incoherent scatter:

-1

é m 0 ~ éo W U, dSKN
Eq(14 oo = A Fineon E 002 A -5,z ) E- EQY(E- EQdEC
q( ) glncoh glncoh r H Ommé@ nAi q )uo dE¢ ( (9 ( 9

where (g, Z) is the incoherent scattering factor, taken from the compilation of Hubbell et al. (1975),
dsy./dE' is the Klein-Nishina cross-section differential in the Compton-scattered photon energy E,
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Enn=E/(1+ 2E/mcz) is the minimum energy of the scattered photon (corresponding to 180 degrees
scatter), and Y(T) is the total radiation yield.

Pair and Triplet production. The radiative losses from electrons and positrons created in pair and
triplet processes, including the effects of positron annihilation in flight, have been evaluated according
to:

1 <E 2} o €ém,. u P
Eq(ls) gpair = [fpairErnJajr(E)/r] ' QE i |la Wgn};hj Ppajr,i(T+)y

{(E-2mc- T, )y - (E- 2mc?- T, )+ T,[Y, (T, )+h(T, )] }dT,

where Py (T+) dT. is the probability that the positron from a pair-production interaction with the ith
constituent atom will have a kinetic energy between T, and (T, +dT,). Y. (T.) and Y. (T.) are the total
radiation yields for the electrons and positrons, respectively, and h(T.) is the correction for positron
annihilation in flight. Pair spectra have been evaluated using Bethe-Heitler theory in conjunction with
screening and Coulomb corrections. The annihilation-in-flight correction has been derived on the
basis outlined in Berger (1961), and has been evaluated using the two-quanta annihilation-in-flight
cross-section of Bethe (1935) plus estimates for the one-quantum annihilation-in-flight cross-section.

Computation of Qi proceeds similarly, but using the threshold for triplet production of 4mc? instead of
2mc? in Eq.(15), and using the Wheeler-Lamb (1939) expressions for the screening corrections to the
triplet spectra.
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Chapter 12 - Dose Quantities

A number of dose quantities are defined by ICRP?; these are summarized below. Regulation of
ionising radiation in the European Union is required to be based on these quantities (Directive
96/29/Euratom).

Radiation Absorbed Dose

Sl unit - gray (Gy). This quantity is defined in ICRP, Publication 6019,

1Gy=1JKg™
The gray has largely replaced the CGS unit of radiation absorbed dose, namely the rad.

0.01Jkg*
10 mGy

1rad

Equivalent dose [ HT ] - is the absorbed dose, in tissue or organ [ T ] weighted for the type and
quality of radiation [ R ]. Itis given by:

Hy g =W XD;

where:
DT,R is the absorbed dose averaged over the tissue or organ [ T ], due to radiation [ R ] and
WR is the radiation weighting factor for radiation [ R ].

When the radiation field is composed of types and energies with different values of [ WR ], the total
equivalent dose [ Ht ] is given by:

(¢}
HT :a RXVVR ><I:)T,R

Effective dose [ E ] - is generally defined by the relationship:
] ] [¢}
E:a TXVVT>4_IT E:a TX\NT>a RXVVRXDT,R

This represents the sum of the weighted equivalent doses in all the tissues and organs of the body
from external radiation, where:

DT,R is the absorbed dose averaged over the tissue or organ [ T ], due to radiation [ R ];

WR is the radiation weighting factor for radiation [ R ] and
WT is the tissue weighting factor for tissue or organ [ T ].

The total effective dose [ E ] usually includes the 50-year committed effective dose [ E(int) ] arising from
ingested or inhaled radionuclides (so-called internal radiation). These doses are calculated using
radionuclide-specific dose per unit intake values (Annex Il of Directive 96/29/Euratom gives default
values). Both effective dose and equivalent dose are given in sieverts (Sv).

Estimation of personal doses

Where the effective dose from external radiation is estimated from personal monitoring, the
operational dose quantity personal dose equivalent Hp(d) is normally used to demonstrate
compliance with dose limits. Personal dose equivalent is the dose in soft tissues at an appropriate
depth d, in mm, below a specified point in the body and is given in sieverts.

% |CRP - International Commission on Radiological Protection.
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If doses are to be estimated from area monitoring results, the relevant operational quantities are:
ambient dose equivalent H*(d) and directional dose equivalent H'(d,W)

where d is the depth in mm under the surface of the ICRU* sphere. For strongly penetrating
radiation, a depth of 10 mm is appropriate and for weakly penetrating radiation, a depth of 0.07 mm for
the skin and 3 mm for the eye is normally used. W - is the angle of incidence.

Ambient dose equivalent is the dose equivalent at a point in a radiation field that would be produced
by the corresponding expanded and aligned field in the ICRU sphere at a depth, d, on the radius
opposing the direction of the aligned field. It is given in sieverts.

Directional dose equivalent is the dose equivalent at a point in a radiation field that would be
produced by the corresponding expanded field, in the ICRU sphere at a depth, d, on a radius in a
specified direction, W. It is given in sieverts.

The ICRU sphere is a convention introduced by the International Commission on Radiation Units and
Measurements to approximate the human body as regards energy absorption from ionizing radiation;
it consists of a 30 cm diameter tissue-equivalent sphere with a density of 1 g cm™ and a mass
composition of 76.2% oxygen, 11.1% carbon, 10.1% hydrogen and 2.6% nitrogen.

Expanded field: A theoretical expanded field derived from an actual field at a reference point which,
throughout the volume of interest, has fluence, directional and energy distributions identical to that of
the actual field at the reference point.

Expanded and aligned field: A radiation field in which the fluence, directional and energy distributions
are the same as that for an expanded field but in which the fluence is unidirectional.

The fluence F, is the quotient of dN by da, where dN is the number of particles which enter a sphere
of cross-sectional area da.

The quality factor Q, is a function of linear energy transfer (L) in water and is used to weight the
absorbed dose at a point in such a way as to take into account the quality of a radiation in a specified
tissue or organ.

Unrestricted linear energy transfer (L) is the quotient of dE by dl, where dE is the mean energy lost by
a particle of energy E in traversing a distance dl in water.

The relationship between the quality factor, Q(L), and the unrestricted linear energy transfer, L, is as
follows.

Unrestricted linear energy transfer, L, in water ( keV mm'l) Q(L)

<10 1
10-100 0.32L-2.2
> 100 300

Tissue weighting factors

Appropriate values of tissue weighting factor [ Wt ], to be used to weight the equivalent dose in a
tissue or organ [ t ], where necessary, are as follows.

Tissue or organ Tissue weighting factor, Wt
Gonads 0.20
Bone marrow (red) 0.12
Colon* 0.12
Lung 0.12
Stomach 0.12

% |nternational Commission on Radiation Units
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Tissue or organ Tissue weighting factor, W+
Bladder 0.05

Breast 0.05

Liver 0.05

Oesophagus 0.05

Thyroid 0.05

Skin 0.01

Bone surface 0.01

Remainder ™"0.05

*) Dose to the colon is taken to be the mass-weighted average dose to the upper and
lower large intestines.

(**)  For the purposes of calculation, the remainder is composed of the following
additional tissues and organs: adrenals, brain, small intestine, kidneys, muscle,
pancreas, spleen, thymus, uterus and extrathoracic airways.

(***)  The equivalent dose to the remainder tissues is normally calculated as the mass-
weighted mean dose to the ten organs and tissues listed above. In the exceptional
case in which the most highly irradiated remainder tissue or organ receives the
highest equivalent dose of all organs, a weighting factor of 0.025 (half of remainder)
is applied to that tissue or organ and 0.025 to the mass-weighted equivalent dose
in the rest of the remainder tissues and organs.

Radiation weighting factors

Where required for a direct estimate of [ E ], values of radiation weighting factor [ Wr ] depend upon
the type and quality of the external radiation field as follows.

Type and energy range Radiation weighting factor, Wr
Photons, all energies 1
Electrons and muons, all energies 1
Neutrons, energy , 10 keV 5
> 10 keV to 100 keV 10
> 100 keV to 2 MeV 20
> 2 MeV to 20 MeV 10
> 20 MeV 5
Protons (not recoil protons) > 2 MeV 5
Alpha particles, fission fragments, heavy nuclei 20

In calculations involving neutrons, it may be difficult to apply step function values. In these cases, itis
preferable to use:

\/\A: 5+17e_ (IOge (ZE) ;/6)

where [ E] is the neutron energy in MeV.
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Chapter 13 - The Discovery of Radioactivity

Becquerel, Antoine Henri

Becquerel was a member of a scientific family which extended through
several generations; his grandfather Antoine-César Becquerel (1788-
1878), father, Alexandre-Edmond Becquerel (1820-91), and son, Jean
Becquerel (1878-1953), were all famous scientists in their own right.

Education and training

After his early schooling at the Lycée Louis-le-Grand, Henri Becquerel
received his formal scientific education at the Ecole Polytechnique (1872-
74) and engineering training at the Ecole des Ponts et Chaussées
(Bridges and Highways School; 1874-77). In addition to his teaching and
research posts, Becquerel was for many years an engineer in the
Department of Bridges and Highways and was appointed chief engineer in
1894. His first academic post came in 1876 when he was appointed
assistant teacher at the Ecole Polytechnique, a post he held until he
succeeded to the chair of physics at the polytechnique in 1895. Concurrently with these posts, he was
assistant naturalist to his father at the museum, where he also assumed the physics professorship
upon his father's death.

Electricity, magnetism, optical phenomena, and energy were major areas of physical investigation
during the 19th century. For several years the young Becquerel's research was concerned with the
rotation of plane-polarized light by magnetic fields, a subject first studied by Michael Faraday and
which Henri's father had also studied. Henri later concerned himself with infrared radiation, examining
among other things, the spectra of different phosphorescent crystals under infrared stimulation. In this
regard, he extended the work of his father by studying the relationship between absorption and
emission of light in uranium compounds.

By 1896 Henri was an accomplished and respected physicist and had became a member of the
prestigious Académie des Sciences. His expertise with phosphorescent materials, familiarity with
uranium compounds, and his general skill in laboratory techniques, especially in photography, were
together to make his discovery of radioactivity possible.

Study of radiation

At the end of 1895, Wilhelm Rdntgen discovered x-rays. Becquerel undertook to investigate whether
there was a fundamental connection between this invisible radiation and visible light. To test this
hypothesis, he placed phosphorescent crystals upon a photographic plate that had been wrapped in
opaque paper so that only a penetrating radiation could reach the emulsion. He exposed his
experimental arrangement to sunlight for several hours, thereby exciting the crystals in the customary
manner. Upon development, the photographic plate revealed silhouettes of the mineral samples, and
in subsequent experiments, the image of a coin or metal cutout that had been interposed between the
crystals and paper wrapping. Becquerel reported this discovery to the Académie des Sciences at its
session on February 24, 1896, noting that certain salts were particularly able to create this effect.

His conclusion was that something very similar to X-rays was being emitted by these luminescent
substances as well as visible radiation. Later, Becquerel learned that his uranium salts continued to
eject penetrating radiation even when they were not made to phosphoresce by the ultraviolet radiation
present in sunlight. To account for this phenomenon, he postulated the existence of a long-lived form
of invisible phosphorescence, which he interpreted as a unique case of metallic phosphorescence.

During 1896, Becquerel published seven papers on this phenomenon, which he called radioactivity but
in subsequent years, he showed very little interest in this new discovery. This was an index of both

his and the scientific world's interest in the subject, for the period saw studies of numerous radiations
(e.g. cathode rays, X-rays, Becquerel rays, "discharge rays," canal rays, radio waves, the visible
spectrum, rays from glow-worms, fireflies, and other luminescent materials), it was therefore no
surprise that Becquerel did not regard his radioactive discovery as significant. The far more popular
X-rays could take sharper shadow photographs and more quickly than the use of any radioactive
material. It required the extension in 1898 of radioactivity to another known element, (by Gerhard Carl
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Schmidt and independently by Marie Curie), and the discovery of new radioactive materials, polonium
and radium (by Pierre and Marie Curie and their colleague, Gustave Bémont), to awaken the world
and Becquerel to the significance of his discovery.

Curie, Marie

Maria Sklodowska Curie was born in Warsaw, Poland on November 7
1867 but spent her adult life as a physicist in France. With Henri
Becquerel and her husband, Pierre, she was awarded the 1903 Nobel
Prize for Physics and won the prize again in her own right in 1911 for her
work in the field of chemistry.

From childhood, she was remarkable for her prodigious memory and at
the age of 16, she won a gold medal on completion of her secondary
education at the Russian lycée. Because her father, a teacher of
mathematics and physics, lost his savings through bad investment, she
had to take work as a teacher and, at the same time, took part
clandestinely in the nationalist "free university," reading in Polish to
women workers.

At the age of 18, she took a post as governess, where she suffered an
unhappy love affair. From her earnings, she was able to finance her sister Bronia's medical studies in
Paris, on the understanding that Bronia would in turn later help her to get an education.

In 1891, Marie went to Paris and began to follow the lectures of Paul Appel, Gabriel Lippmann, and
Edmond Bouty at the Sorbonne. There she met physicists who were already well-known; Jean Perrin,
Charles Maurain, and Aimé Cotton. Marie worked far into the night in her students' garret subsisting
on bread, butter and tea. Her studies were well rewarded when ,in 1893, she came first in the licence
of physical sciences and it was in the spring of that year, that she met her future husband Pierre Curie.

Pierre and Marie married in 1895; this event marked the start of a partnership that was soon to
achieve results of world significance, in particular the discovery of polonium in the summer of 1898
(so-called by Marie in honour of her native land) and radium a few months later. Following Henri
Becquerel's discovery (1896) of a new phenomenon (which she later called "radioactivity"), Marie
Curie, looking for a subject for a thesis, decided to find out if the property discovered in uranium was
exhibited by other materials. She soon discovered that thorium was another example of a radioactive
material; the radioactivity of thorium was discovered at the same time by G.C. Schmidt.

In her search for other radioactive materials, Marie's attention was drawn to a mineral whose activity
was greater than that of pure uranium and which could only be explained by the presence in the
mineral of small quantities of an unknown substance of very high radioactivity. Pierre and Marie
worked together to try to isolate this substance. This research culminated in the discovery of two new
elements, polonium and radium.

While Pierre Curie devoted himself chiefly to the physical study of the radiations produced by these
newly discovered radionuclides, Marie Curie struggled to obtain pure radium in its metallic state; this
she achieved with the help of the chemist A. Debierne, one of Pierre Curie's pupils. For her work in
the separation of radium, Marie received her doctorate of science in June 1903 and, with Pierre, was
awarded the Davy Medal of the Royal Society. In 1903, Pierre and Marie shared the Nobel Prize for
Physics with Becquerel.

The birth of her two daughters, Iréne and Eve, in 1897 and 1904 respectively did not interrupt Marie's
intensive scientific work. She was appointed lecturer in physics at the Ecole Normale Supérieure for
girls in Sévres (1900) and introduced there a method of teaching based on experimental
demonstrations. In December 1904, she was appointed chief assistant in the laboratory directed by
Pierre Curie.

The sudden death of Pierre Curie (April 19, 1906) was a bitter blow to Marie, but it was also a decisive
turning point in her career: henceforth she was to devote all her energy to completing alone the

scientific work that he had undertaken. On May 13, 1906, she was appointed to the professorship that
had been left vacant following her husband's death; she was the first woman to teach in the Sorbonne.
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In 1908, she became titular professor, and in 1910, her fundamental treatise on radioactivity was
published. In 1911, she was awarded the Nobel Prize for Chemistry, for the isolation of pure radium.
In 1914, she saw the completion of the building of the laboratories of the Radium Institute (Institut du
Radium) at the University of Paris.

Throughout World War |, Marie, with the help of her daughter Iréne, devoted herself to the
development of the use of X-radiography. In 1918, the Radium Institute, the staff of which Iréne had
joined, began to operate in earnest; it was to become a universal centre for nuclear physics and
chemistry. Marie, now at the highest point of her fame and, from 1922, a member of the Academy of
Medicine, devoted her researches to the study of the chemistry of radioactive substances and to the
development of medical applications for these materials.

In 1921, accompanied by her two daughters, Marie Curie made a triumphant journey to the United
States, where President Warren G. Harding presented her with a gram of radium bought as the result
of a collection among American women. She gave lectures, especially in Belgium, Brazil, Spain, and
Czechoslovakia. She was made a member of the International Commission on Intellectual Co-
operation by the Council of the League of Nations. In addition, she had the satisfaction of seeing the
Curie Foundation in Paris develop and the inauguration in 1932 in Warsaw of the Radium Institute, of
which her sister Bronia became director.

One of Marie Curie's outstanding achievements was to have understood the need to accumulate
intense radioactive sources, not only for the treatment of illness but also to maintain an abundant
supply for research in nuclear physics; the resultant stockpile was an unrivaled instrument until the
appearance after 1930 of particle accelerators. The existence in Paris at the Radium Institute of a
stock of 1.5 grams of radium in which, over a period of several years, radium D and polonium had
accumulated, made a decisive contribution to the success of the experiments undertaken in the years
around 1930 and in particular of those performed by Iréne Curie in conjunction with Frédéric Joliot,
whom she had married in 1926.

This work prepared the way for the discovery of the neutron by Sir James Chadwick and above all the
discovery in 1934 by Iréne and Frédéric Joliot-Curie of artificial radioactivity. A few months after this
discovery Marie Curie died from leukemia which had been caused by her radiation exposure. Her
contribution to physics had been immense, not only in her own work, the importance of which had
been demonstrated by the award to her of two Nobel Prizes, but because of her influence on
subsequent generations of nuclear physicists and chemists.

In 1995, Marie Curie's ashes were enshrined in the Pantheon in Paris; she was the first woman to
receive this honour for her own achievements.
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Chapter 14 - X-rays Tutorial

Any electromagnetic radiation of an extremely short wavelength produced by the deceleration of
charged particles or by electron energy transitions in atoms. The wavelengths of x-rays range from
about 0.005 to a few tens of nanometres.

Like other forms of electromagnetic radiation (for example, gamma rays, ultraviolet, visible light,
infrared, and radio waves), x-rays have the same speed in vacuo - 300,000 km per second [186,000
miles per second] and exhibit phenomena consistent with their wavelike nature, for example
interference, diffraction, and polarization.

X-rays were discovered in Wirzburg, Germany, on November 8, 1895, by Wilhelm Conrad Réntgen.
Roéntgen made his discovery while investigating the effects of cathode rays produced by electrical
discharges through gases at low pressures. Cathode rays are electrons that are emitted from the
negative electrode, or cathode, of a discharge tube.

Although many scientists had studied the properties of cathode rays, Réntgen discovered an effect
that had escaped these earlier investigators namely, that a surface coated with barium platinocyanide
placed outside a discharge tube would emit light (fluoresce) even when it was shielded from the direct
visible and ultraviolet light of the gas discharge. He deduced that an invisible radiation from the tube
passed through the air and caused the screen to fluoresce. He named these strange new rays x-rays
to indicate their unknown nature.

General x-ray phenomena

When a beam of x-rays passes through matter, it becomes a source of secondary x-rays and electrons
as the primary beam is absorbed. The intensity of these secondary radiations is weak compared with
the intensity of the primary x-ray beam some of which may escape from the material.

Two types of secondary x-rays are produced when a beam of x-rays strikes a material namely,
scattered x-rays, which are characterized by an energy that is nearly the same as the primary beam,
and fluorescence x-rays, which are less energetic than the primary x-ray emission.

Scattered x-rays are primary x-rays that have had their direction and sometimes their energy altered
by passing through matter. X-ray scatter occurs by two interaction processes: Compton absorption
and Rayleigh scatter.

In the case of Compton absorption, some of the primary x-ray photon energy is absorbed by an
electron within the target material causing it to be ejected from the nucleus to which it is bound
(photoelectric effect); the remaining x-ray photon energy appears as a hew lower energy photon which
has a different trajectory to that of the original x-ray photon.

In the case of Rayleigh scatter, the incoming x-ray photon is simply made to change its path in the
presence of electrons within the target material, very little energy is lost from the x-ray photon in this
process.

By contrast, fluorescence x-rays are characteristic of the target material in which they are generated.
Fluorescence x-rays are generated when electrons are ejected (photoelectric absorption) from some
of the atoms of the target material, leaving them in an ionized state. These electron shell vacancies
are then able to be filled by the de-excitation of lower energy electrons (i.e. from higher orbital shell's )
with concomitant production of a characteristic x-ray photon. The two main types of fluorescence x-
rays that can be produced in most of the elements are known as the K and L characteristic x-rays.

Dual nature of x-rays

Early experiments with x-rays led to observations that were difficult to explain unless one thinks of
them as consisting of waves. Other experiments however, indicated that x-rays consist of particles.
This dual nature is not restricted to x-rays; indeed, it is a general property of all forms of energy and
matter. X-rays (and the other forms of electromagnetic radiation) should therefore be considered as
both particles and waves; that is, as consisting of small packets of electromagnetic wave quanta, or
photons.
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X-rays as waves

According to classical electromagnetic theory, the deceleration of electrons will produce
electromagnetic radiation, in the same way that accelerated electrons in a radio antenna produce
radio waves. The failure of magnetic fields to deflect an x-ray beam seems to confirm this classical
idea of the origin of x-rays. Conclusive evidence for the existence of waves is established if diffraction
and interference phenomena are observed, both of which depend on the superposition of waves. In
addition, if polarization effects are observed, the transverse (vibration at right angles to direction of
propagation) nature of the wave is established. In the case of light, these effects were well-known in
1895 when x-rays were discovered. However, Rontgen's early experiments failed to reveal these
effects in the case of x-rays.

In 1906, a British physicist, Charles Glover Barkla, demonstrated that when x-rays are scattered in
certain directions by a block of carbon they are polarized. From these experiments it appeared likely
that x-rays were transverse electromagnetic waves, perhaps of the same nature as light but having
only a different wavelength.

Many scientists attempted to show the wave nature of x-rays by passing them through narrow slits and
looking for diffraction fringes, and there was some evidence that x-ray wavelengths were about 0.1
nm. In 1912, a German physicist, Max Theodor Felix von Laue, conceived of a way of measuring the
wavelength of x-rays. Laue used the idea that, in crystals, atoms are regularly arranged throughout
the crystal structure with spacings of about 0.1 nm and concluded that the atoms of a single crystal
would serve as a grating for the diffraction of x-rays. Laue's coworkers directed a narrow-beam of x-
rays at a crystal of zinc sulfide and placed a photographic plate behind it. The resulting photograph
consisted of a dark central spot and a complex but symmetrical pattern of dots; the central spot was
the result of x-rays passing directly through the crystal, whereas the dots were produced by diffraction
from the atoms of the zinc sulfide crystal. These experiments established that x-rays are waves with
wavelengths of the order of 0.1 nm and confirmed that crystals have their atoms arranged in regular
structures, called a lattice.

Shortly after Laue's experiment, an English physicist, William Lawrence Bragg, devised another
technique for diffracting x-rays. By considering how x-rays are scattered from atoms in a crystal
lattice, he concluded that, when an x-ray of wavelength | strikes a crystal of interplanar spacing d at
an angle with respect to the crystal plane, constructive interference would occur when the product of
an integer number n (called order of diffraction) and the wavelength is equal to twice the lattice
spacing times the diffraction angle: n =2d sin| . This equation is known as Bragg's law and is the
principle of operation of x-ray crystal-diffraction spectrometers.

Using this theory, Bragg obtained a distribution of the intensity of ionization in a detector as a function
of angle. This distribution indicated that x-rays consisted of two types, a line spectrum characteristic of
the target material used in the x-ray tube and a continuous spectrum.

From the crystal spacing d, which Bragg obtained from the geometry of the crystal lattice, the density
of the crystal, and mass of a single atom, he was able to calculate the wavelengths of characteristic x-
ray lines and was able to show that these wavelengths varied approximately as the inverse square of
the atomic mass number of the absorber.

These experiments confirmed the earlier results of Barkla, who, by using the fact that short-
wavelength x-rays are absorbed to a lesser extent than long-wavelength x-rays, found two regions of
strong maxima. In 1911 Barkla named the long-wavelength maxima the L series and the short-
wavelength maxima the K series.

In 1923, the reflection of x-rays from a polished surface of glass was demonstrated by an American
physicist, Arthur Holly Compton. He found that, for angles of less than 10 minutes of arc, a strong
reflected beam could be observed in the direction predicted by the specular-reflection law. The final
proof of the wave nature of x-rays, their diffraction by a ruled grating, was observed in 1925. Because
the line spacing of a ruled grating is accurately known, this method has been used to determine the
absolute value of x-ray wavelengths.

X-rays as particles

The particle nature of x-rays is graphically demonstrated in the photoelectric and Compton effects. In
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an attempt to explain blackbody radiation (radiation from a theoretically perfectly non-reflecting, or
completely absorbing [i.e., "black"] body), Max Planck postulated that energy is radiated in small
packets, or quanta, with an energy given by hu , in which u is the frequency of the radiation and h a
constant (now called Planck's constant). One of the most important successes of Planck's postulate,
in addition to explaining blackbody radiation, was its use by Einstein in explaining the photoelectric
process.

A second series of experiments that demonstrated the particle nature of x-rays was carried out in
1922-23 by Compton. Using an x-ray spectrometer, he measured the wavelength of x-rays scattered
from light elements. In addition to scattered x-rays that had the same wavelength as the primary
beam, he found a second, or "modified", peak at a longer wavelength. The intensity and wavelength
of this second peak were functions of the scatter angle from the sample. The explanation of this effect
(now known as the Compton effect) was given by Compton and independently by a Dutch scientist,
Peter Debye. They proposed that a primary x-ray photon could be considered as a small ball that
could collide with one of the electrons in the scattering material in a manner similar to the collision of
two smooth elastic balls of different mass. The photon would then lose some of its energy to the
recoiling electron and would be of longer wavelength. By assuming that conservation of energy and
momentum (mass times velocity) would hold in the collision between a photon and an electron, they
were able to derive the shift of the wavelength of the scattered x-ray to give the modified peak at a
longer wavelength.
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Chapter 15 - Using the Health Physicist's Companion

Nuclide Database Structure

The Companion's nuclide database has the following field and displayed data structure.

Detail Field Name Displayed Name
Abbreviated element name ELEMENT Element

Atomic mass number A A

Atomic number z z

Radionuclide halflife (if applicable) where: HALFLIFE Halflife

y=years, d=days, h=hours, m=minutes and s=seconds

Decay mode and energy in MeV where: BETAALPHAL...6 Decay(1...6)

b- beta b+ positron

K electron capture m metastable state

a alpha SF spontaneous fission

p proton N neutron

IT isomeric transition

Gamma emission energy in MeV GAMMAL...6 Gamma(1...6)
Fractional decay DECAY1...12 X100%

Dose per Bq inhalation of a 5 micron AMAD aerosol RESPAMADSS Inhale 5 m(slow)
Dose per Bq inhalation of a 1 micron AMAD aerosol RESPAMAD1S Inhale 1 m(slow)
Fractional clearance value RESPSF1 Inhale f1 (slow)
Dose per Bq ingestion INGESTS Ingestion (slow)
Fractional transfer value INGESTSF1 Ingestion f1 (slow)
Dose per Bq inhalation of a 5 micron AMAD aerosol RESPAMAD5M Inhale 5 m(med.)
Dose per Bq inhalation of a 1 micron AMAD aerosol RESPAMADI1M Inhale 1 m(med.)
Fractional clearance value RESPMF1 Inhale f1 (med.)
Dose per Bq ingestion INGESTM Ingestion (med.)
Fractional transfer value INGESTMF1 Ingestion f1 (med.)
Dose per Bq inhalation of a 5 micron AMAD aerosol RESPAMADSF Inhale 5 m(fast)
Dose per Bq inhalation of a 1 micron AMAD aerosol RESPAMAD1F Inhale 1 m(fast)
Fractional clearance value RESPFF1 Inhale f1 (fast)
Dose per Bq ingestion INGESTF Ingestion (fast)
Fractional transfer value INGESTFF1 Ingestion f1 (fast)
Fractional naturally occurring isotopic abundance ABUNDANCE Abundance
Notes about the selected nuclide NOTES Notes

Nuclide fractional generation from the principal parent* METSCALER Fract. Metastable

"The Metscaler field stores the fractional daughter yield for parent radionuclides that decay to both a
metastable and ground state. The default value for this field is unity but for metastable/ground state
daughter 'pairs’, the field value obeys the following rules:

1. If the parent always decays to the ground state, the ground state daughter Metscaler field
value is unity and the metastable daughter Metscaler field value is zero. For example, Ne24
decays exclusively to the Na24 ground state, hence the Metscaler field values are zero for Na24m
and unity for Na24.

2. If the parent always decays to a metastable state, the ground state Metscaler field value is
zero and the metastable Metscaler field value is unity. For example, Cd115 always decays to
In115m rather than to the In115 ground state, hence the Metscaler field values are unity for In115m
and zero for In115.
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3. If the parent decays partially to both the metastable and ground state daughters, both
Metscaler fields are set to the fractional decay value that respectively applies. For example, Ga75
has a 99% fractional decay to Ge75 and a 1% fractional decay to Ge75m, hence the Metscaler
field values are 0.99 and 0.01 respectively.

NB. In the Serial Decay Page, for radionuclides that either behave as item 3 or have indeterminate
metastable/ground state fractional decay values, the user is given the choice of including either
daughter nuclide in the serial decay tree build.

The references to 'slow’, ‘medium' and 'fast' in the inhalation and ingestion fields refer to the definitions
given in ICRP?, Publication 68""" for uptake rates. Type S (slow) denotes an uptake rate by the
exposed tissue of 0.1% in 10 minutes (7000 days for 99.9% uptake), type M (medium) an uptake rate
of 10% in 10 minutes (140 days for 90% uptake) and type F (fast) an uptake rate of 100% in 10
minutes.

f1 values refer to the fraction of an intake which is taken up systemically following ingestion and to the
fraction cleared to the gut by the 'pulmonary ciliary escalator' following inhalation; these values are
consistent with ICRP, Publication 68. f1 values are a critical determinant of personal dose and are
highly dependent upon chemical form and, in the case of inhalation, upon particle size. The values
quoted in IAEA Safety Series 115® and used by the Health Physicist's Companion are those for either
'worst case' or commonplace radionuclide compounds (see Annexes E and F of ICRP 68).

AMAD refers to the aerosol particle size measurement quantity, activity median aerodynamic
diameter.

For poly-disperse (i.e. those having a range of particle sizes) aerosols, the AMAD corresponds to the
particle diameter above which 50% of the total aerosol radioactivity occurs. AMAD is typically used in
measurements of aerosols that cause exposure by inertial impaction and sedimentation within
exposed tissues such as the lung. It therefore has limited application to aerosols that have AMAD
values below 0.5 microns.

Using Data Display Grids

You can view nuclide data in 'scrollable’ grids in both the Nuclide Selection and Serial Decay pages.
In the Nuclide Selection page, you access the grid by double-clicking anywhere in the form
background; to revert to single nuclide record display, double-click anywhere within the grid. In the
Serial Decay page, the nuclide data grid is permanently displayed.

To configure the layout of a nuclide display grid, right-click anywhere within it to access the display
options menu. Grid headings can be mouse—dragged23 to new positions, thereby allowing you to alter
the order of columns; you can also use mouse-dragging to resize columns by dragging their
boundaries. In either case, the changes you make are stored in the registry and reinstated each time
you run the Health Physicist's Companion.

Querying the Database

The Health Physicist's Companion uses Structured Query Language (SQL) to complete nuclide
searches. SQL is an industry-standard database querying language that allows the user to build
complex conditional database queries. The language also allows query results to be grouped and
sorted for presentation in accordance with sophisticated criteria.

2 |CRP - International Commission on Radiological Protection.

Mouse-Dragging - is a Microsoft Windows term for a technique of moving or resizing an object on the screen. It's
achieved by selecting a screen object such as a grid or table heading with the mouse and then, simultaneously, moving
the mouse whilst keeping its left button depressed.

23
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SQL statements have the following general syntax:
[COMMANDI][FIELD NAME CRITERIA][DATABASE TABLE NAME][FILTER CRITERIA]

Filter criteria are standard operators such as:

< less than > greater than <= less than or equal to >= greater than or equal to
= equal to AND Boolean operator OR Boolean operator

The % symbol can also be used as a 'wildcard' anywhere in a search string but you must use the
comparator keyword ' like ' or ' not like ' rather than ' = ' with this symbol.

Decay mode fields contain two data elements; a type prefix and a mode energy in MeV. The decay
type prefixes are listed below:

a alpha particle decay b- beta (electron) decay

b+ beta (positron) decay K electron capture (often referred to as K-capture)
p proton decay n neutron decay

IT isomeric transition SF Spontaneous fission

y gamma emission

The halflife field contains two data elements; a decay time value and a time base suffix. The time
base suffixes are listed below:

y=years d=days h=hours m=minutes s=seconds

Field entry examples:

y1.0
b-2.3

1 MeV gamma photon ab.34
2.3 MeV beta emission 1.79e6y

5.34 MeV alpha emission
halflife of 1.79 million years

Examples of SQL queries:
1 select * from nuclides where betaalphal like 'b-%'
locates all nuclides that have a beta emission first decay mode.

2 select * from nuclides where betaalphal ="'b-'
locates nuclides that have a beta emission first decay mode and no specified emission energy.

3 select * from nuclides where betaalphal >'a2.3" and betaalphal like '‘a%'
locates all alpha emitting nuclides for which the emission energy is greater than 2.3 MeV.

4 select * from nuclides where halflife > '2d" and halflife like '%d'
locates all nuclides having a halflife, measured in days, greater than 2 days.

Tips on Entering Data in Calculation Fields

When entering numerical data in calculation fields, you can use the 'e' or 'E' character to denote
standard form values. For example, the value 1090.99 could be entered as 1.09099e3 and 0.0099 as
9.9e-3. The Health Physicist's Companion uses standard form for calculation results that can not
otherwise be displayed within the space available in a field.

Screen Optimization

You can optimize the Health Physicist's Companion for VGA or SVGA (640x480 or 800x600 pixels)
display by disabling the 'Always-on-top' or enabling the 'Auto-hide' property of the Taskbar.

However, if your PC supports screen resolutions greater than SVGA, you should consider changing to
a higher setting.

The following notes show you how to make these changes.

Increasing the screen resolution

Changing to a higher screen resolution is the preferred option for optimizing the display of the Health
Physicist's Companion; but remember that you will only be able to do this if your PC supports these
higher resolutions.
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To choose another resolution setting, use your mouse to Dispher Progestics
right-click anywhere on the Desktop, i.e. the screen

background where all the programme icons are displayed.
Then select the 'Properties' option from the pop-up menu.

You will now see the dialogue shown to the right.

Select the 'Settings' tab from this dialogue and then move Wisglor Proporiees
the 'Screen area'’ slider control (shown right) to a higher
setting.

Click the 'OK' button to close this dialogue and up-date the
screen resolution setting.

On Windows 95 systems, you may be prompted to restart
you PC in order to give effect to the resolution change.

Remember that your monitor and display adapter determine
whether you can change your screen resolution.

Changing the Taskbar properties

Click the 'Start' button, point to 'Settings' and then click
‘Taskbar & Start Menu..." (shown right).

NB. You can also access the Taskbar dialogue (shown
below) by right-clicking on any blank area of the Taskbar
and selecting 'Properties' from the pop-up menu.
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In the dialogue shown to the right, tick (check) the 'Auto-
hide' option or untick (uncheck) the 'Always on top' option.
Click the 'OK' button to close the dialogue and give effect to
the changes you have made.

Tips

When set to 'Auto-hide’, the Taskbar can be redisplayed by
pointing to the area of your screen where it is normally
displayed. For example, if your Taskbar is normally located
at the bottom of your screen, point to that area. Instead of
using the 'Auto-hide’ setting, you can temporarily hide the
Taskbar by pointing to the top of it and dragging downwards
when a two-headed arrow appears. To redisplay the
Taskbar, drag its visible edge upwards.

Taszkbar Properties

[

<l
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Message Dialogues

Warning
& ‘r'ou haven't selected any gamma emizzions for doge rate calculations.
Go to the 'Muclide D ata' page and select at least one gamma emission
for the curently selected nuclide or altematively, if the selected nuclide
exhibits positron decay, tick [check] the 'Positron annihilation’ contral in
the "Muclide Assessment’ page.
Help |
The rezults far your input data lie outzide the calculator's
computational range. Pleasze amend your entries or clear
the page [recommended] and re-enter vour data.
(u]
Warning

The nuclide database containg insufficient fractional decap data ta
continue decay gefies calculations beyond the 4283 daughter.

0\

A fractional decay coefficient of unity will be uged for this nuclide.

Help |

N

Thiz page iz inaccessible because you have not zelected
a radiohuclide in the “"MNuclide Selection” page.

Help |

Information

@ “r'our search value lies outzide the database's range. Try again |

Hep |

& "Capped" doze rate can't be achieved by altering the absorber thickness.

Help |

The trangmizzion through concrete of =rays produced at a tube
voltage of S0keY can't be calculated for shield thicknesses
outzide the range of 1.0 to Fom.

Warning

A

Flease enter a different shield thickness value.

Help |

2)

SELECT:

"Ves" ko keep the current Working Level Month value or
"Mo" to keep the current Activity Exposure and Radon
Gaz Concentration values.

Help

This message box is displayed by the Nuclide Assessment page
whenever you try to complete dose rate calculations on a
radionuclide for which you have not selected any gamma
emissions in the Nuclide Data page. The selections you make
in the Nuclide Data page remain in effect until you either clear all
pages or select a different nuclide. Selection of a different
nuclide defaults all gamma emissions to 'selected'.

This message box is displayed when the Dose Calculator can't
complete dose rate calculations in the Nuclide Assessment
page. This problem may arise from errors in the nuclide
database or because your entered data in the Nuclide
Assessment page has produced an unrecoverable arithmetic
error in the Dose Calculator. Contact Syberad if you find that
the problem persists.

This message box is displayed by the Serial Decay page. The
error occurs during serial decay calculations when the nuclide
database doesn't contain a fractional decay coefficient for a
particular decay mode and the user has selected the '‘Branching'
option. By deselecting the '‘Branching' option, the Calculator is
forced to substitute a fractional decay coefficient of unity (i.e.
100%) for all decay modes.

This message box is displayed when you try to select the
Nuclide Assessment, Nuclide Data or Serial Decay pages before
having first selected a radionuclide in the Nuclide Selection

page.

This message box is displayed when you try to locate absorption
coefficient data in the Physical Data page that are not in the
Companion's database.

This message box is displayed by the Nuclide Assessment page
when you try to calculate the absorber thickness needed to
achieve your entered ‘capped' dose rate. The error occurs when
the 'capped’ dose rate can't be achieved even when the
absorber thickness is set to zero.

This message box is produced by the X-ray Sets page when you
try to calculate a transmission value, for a particular tube voltage
and shield thickness, for which there are no empirical data
contained in the database.

This dialogue box is produced by the Radon Calculator in the
Units page. It occurs when you select a different radon isotope
for radon data that are already being displayed. When you do
this, the calculated radon data can be updated in two ways;
either by keeping the original working level month value and
calculating a new value for activity exposure and radon gas
concentration (the YES option) or by keeping the existing activity
exposure and radon gas concentration values and updating the
working level month value (the NO option).



HPC User Manual (Version 1.4.2) - & Syberad Ltd - 2002

Page 83 of 96

SELECT:

"res' to calculate the Woorking Level Month and Activity
E zposure Yalues far the new exposure time or;

"o to uge the cument Working Level Month and Activity
E=pasure values to calculate Working Level, PAEC and
Fadon Gas Concentration values bazed on the new
exposure time.

(2)

SELECT:

ez to use the curent Radon Gas Concentration and the
new Eguilibrium Factor to recalculate all values or;

"Ma" to recalculate just the Radon Gas: Concentration from
the: new E quilibrium Factar,

Help |

& Enter an Expozure Time befare selecting thiz option.

Help |

& Enter an Equilibrium Factar before selecting this option.

Hep |

N

Public doze walues can't be dizplayed when the
zelected exposure time unit is set to 'days’ or
‘months’. These time quantities are based upon
8 rather than 24 hour per day occupancy. ou
zhould uze ‘seconds’, 'minutes’ or hours' instead,

For mare infarmation, press the F1 kew after vou
have clozsed thiz dialogue.

This dialogue box is produced by the Units page.

It occurs when you change the exposure time for radon data that
are already being displayed. When you do this, the Radon
Calculator can update the calculated data in two ways; either by
keeping the original radon gas concentration, PAEC and
working level values (the YES option) or by keeping the original
activity exposure and working level month (WLM) values (the
NO option).

This dialogue box is produced by the Units page. It occurs
when you change the equilibrium factor for radon data that are
already being displayed.

When you do this, the Radon Calculator can update the
calculated data in two ways; either by keeping the original radon
gas concentration value and recalculating all other values (the
YES option) or by recalculating only the radon gas concentration
(the NO option).

This dialogue box is produced by the Radon Calculator in the
Units page.

It occurs when you select the 'Set Equilibrium Factor' tick-box
(check-box) before entering an exposure time. The Calculator
can't enter this calculation mode until a valid exposure time has
been entered.

This dialogue box is produced by the Radon Calculator in the
Units page. It occurs when you select the 'Set Exposure Time'
check-box before entering a radon gas equilibrium factor. The
Calculator can't enter this calculation mode until a valid
equilibrium factor has been entered.

This warning message is displayed by the Radon Calculator in
the Units page when you try to select the public dose option, in
the detriment field at the bottom-right of the page, with either
‘days' or 'months' as the selected exposure time unit. The
warning is given because public exposures should be based
upon 24-hour occupancy rather than the 8-hour per day figure
assumed by the Radon Calculator when you select either of
these exposure time units. To overcome this problem, select
either the 'seconds', 'minutes' or 'hours' time unit.
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HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 85 of 96

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Berger, R.T. (McGinnnies), The X- or Gamma-Ray Energy Absorption or Transfer Coefficient:
Tabulations and Discussion, Radiat. Res. 15, 1-29 (1961).

Hubbell, J.H. and Berger, M.J., Sec. 4.1: Attenuation Coefficients, Energy Absorption
Coefficients, and Related Quantities (p. 167-184) and Sec. 4.2: Photon Atomic Cross-sections
(p. 185-202). IAEA Engineering Compendium on Radiation Shielding, R.G. Jaeger, ed.,
Springer, Berlin (1968).

Hubbell, J.H., Photon Cross-sections, Attenuation Coefficients, and Energy Absorption
Coefficients from 10 keV to 100 GeV, NSRDS-NBS Rep. 29 (1969).

Hubbell, J.H, McMaster, W.H., Del Grande, N.K., and Mallett, J.H., Sec. 2.1: X-Ray Cross-
sections and Attenuation Coefficients (p. 47-70), IUCr International Tables for X-Ray
Crystallography, J.A. Ibers and W.C. Hamilton, eds., Kynoch Press, Birmingham, England
(1974); based on McMaster, W.H., Del Grande, N.K., Mallett, J.H., and Hubbell, J.H.,
Compilation of X-Ray Cross-sections, Lawrence Livermore National Laboratory Report UCRL-
50174, Sec Il, Rev.1 (1969).

Hubbell, J.H., Photon Mass Attenuation and Mass Energy-Absorption Coefficients for H, C, N,
O, Ar, and Seven Mixtures from 0.1 keV to 20 MeV, Radiat. Res. 70, 58-81 (1977)

Hubbell, J.H., Gimm, H.A. and @verbg, I., Pair, Triplet and Total Atomic Cross-sections (and
Mass Attenuation Coefficients) for 1 MeV-100 GeV Photons in Elements Z=1 to 100, J. Phys.
Chem. Ref. Data 9, 1023-1147 (1980).

Hubbell, J.H., Photon Mass Attenuation and Energy-Absorption Coefficients from 1 keV to 20
MeV, Int. J. Appl. Radiat. Isot. 33, 1269-1290 (1982).

Hubbell, J.H., Gerstenberg, H.M. and Saloman, E.B., Bibliography of Photon Total Cross-
section (Attenuation Coefficient) Measurements 10 eV to 13.5 GeV, National Bureau of
Standards Internal Report NBSIR 86-3461 (1986).

Henke, B.L., and Elgin, R.L., X-Ray Absorption Tables for the 2- to 200 A Region, Advances in
X-Ray Anal. 13, 639-664 (1970).

Henke, B.L., Lee, P., Tanaka, T.J., Shimabukuro, R.L., and Fujikawa, B.K., Low-Energy X-Ray
Interaction Coefficients: Photoabsorption, Scattering, and Reflection, E = 100-2000 eV, Z=1-
94, At. Data Nucl. Data Tables 27, 1-144 (1982).

Henke, B.L., Gullikson, E.M. and Davis, J.C., X-Ray Interactions: Photoabsorption, Scattering,
Transmission, and Reflection at E = 50-30,000 eV, Z=1-92, At. Data Nucl. Data Tables 54,
181-342 (1993).

Hudson, R.D., and Kieffer, L.J., Compilation of Atomic Ultraviolet Photoabsorption Cross-
sections for Wavelengths between 3000 and 10 A, At. Data 2, 205-262 (1971).

Zimkina, T.M., and Fomichev, V.A., Ultrasoft X-Ray Spectroscopy, Leningrad Univ. Press
(1971).

Berkowitz, J., Photoabsorption, Photoionization, and Photoelectron Spectroscopy, Academic
Press, N.Y. (1979).

Samson, J.A.R., Atomic Photoionization (p. 123-213), Encyclopaedia of Physics, W. Mehlhorn,
ed., Springer, Berlin (1982).

Stainer, H.M., X-Ray Mass Absorption Coefficients. A Literature Survey, U.S. Bureau of Mines
Infor. Circ. 8166 (1963).

Davisson, C.M., Interaction of -Radiation with Matter (p. 37-78); Gamma-Ray Attenuation
Coefficients (p. 827-843), Alpha-, Beta-, and Gamma-Ray Spectroscopy, K. Siegbahn, ed.,
North-Holland, Amsterdam (1965).

McMaster, W.H., Del Grande, N.K., Mallett, J.H., and Hubbell, J.H., Compilation of X-Ray
Cross-sections, Lawrence Livermore National Laboratory Report UCRL-50174, Sec. | (1970).

Storm, E., and Israel, H.l., Photon Cross-sections from 1 keV to 100 MeV for Elements Z=1 to
Z=100, Nucl. Data Tables A 7, 565-681 (1970).

Veigele, Wm.J., Photon Cross-sections from 0.1 keV to 1 MeV for Elements Z=1 to Z=94, At.
Data 5, 51-111 (1973).



HPC User Manual (Version 1.4.2) - a Syberad Ltd - 2002 Page 86 of 96

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Hubbell, J.H., Survey of Photon-Attenuation-Measurements 10 eV to 100 GeV, At. Data 3,
241-297 (1971).
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including all unnumbered publications from 1928 to 1959, when the current series of
numbered ICRP Publications was initiated.
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Recommendations of the International Commission on Radiological Protection (Revised
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ICRP Publication 24. Radiation Protection in Uranium and Other Mines. Annals of the
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Annals of the ICRP 15 (1) 1985.
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Attenuation - 18, 24, 61, 62, 63, 71
broad beam - 24
data - 28
inverse square law - 22
narrow beam - 23
of photons - 61

Attix - 86

Auger (electron) - 60

B

Bateman equations (radioactive decay law) - 55
Beam build-up - 24
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Free path (mean) - 18

G

Gamma - 60
attenuation - 61
pair production - 61
radiation - 57
Gas (radon and thoron) - 32
Gerstenberg - 85
Gerward - 86
Gimm - 85
Gray (dose quantity) - 68
GrodStein - 84

H

Halflife (definition) - 55
Half-value thickness (data) - 28
Henke - 85

Higgins - 86

How (to input data) - 79
Hubbell - 84, 85, 86, 87
Hudson - 85

HVT (data) - 28
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References - 84
References Contents - 71
Rem (dose quantity) - 31
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Seltzer - 86
Serial Decay Page (overview) - 35
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