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FROM DESIGN TO 
CONSTRUCTION

• Schematic Design
• Design Development
• Construction Document
• Construction Administration

Ideally shield designer  should be involved in all 
four  stages to ensure that design is effective and
that facility is constructed per  design
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PART 1 - DESIGN

• Prerequisites For  Shield Designer
• Radiation Therapy Accelerator
• Schematic of an Accelerator  Head
• Radiation Sources –Photons
• Photo Neutron Production
• Conventional Therapy
• Monitor  Units
• Intensity Modulated Radiation Therapy 

(IMRT)
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PART 1 – DESIGN Continued

• Workload
• Total Body I r radiation
• Use Factor
• Occupancy Factor
• Regulatory L imits
• Design L imits
• Average Photon Energies
• Shielding Mater ials
• Shielding Tables
• Tenth Value Layers



Ipe_10May04 5

PART 1 – DESIGN Continued

• Sources of Radiation
• Pr imary Barr ier
• Secondary Barr ier
• Laminated Barr iers
• Mazes
• Direct Shielded Doors
• Ducts and Penetrations
• Skyshine
• Interactions with Architect
• Room Layout
• Shielding Repor t



Ipe_10May04 6

PART I I  -CONSTRUCTION

• Rebar  Installation
• Concrete Form Work
• Form Ties
• Physicist’s Conduit
• Concrete Pour
• Inter locking Lead Br icks
• Shielding with Intelocking Lead Br icks
• L inac Door
• Shielded Soffit
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PART 1: DESIGN

• Schematic 
Design

• Design 
Development
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Prerequisites For  Shield Designer

• Basic understanding of photon and neutron 
shielding methodology

• Pr ior  exper ience in shielding design

• Familiar  with NCRP 49, 51 and 79
• Registered/licensed in applicable State/Country
• Knowledgeable about relevant regulations

• Familiar  with architectural and construction 
terminology and drawing

• Possess professional liability insurance
• Have access to  manufacturer ’s data on linacs 

(Var ian, Siemens and Elekta)
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Therapy  Accelerator

• Linac is mounted on a 
gantry

• Gantry rotates 360 
degrees around isocenter

• Isocenter  is located at 1 
m from the target.(in 
patient plane)

• Target is located in 
accelerator  head

http://www.var ian.com/onc/prd055.html
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Schematic of an Accelerator  Head

Electron 
Gun

Energy 
Switch

Accelerator  
Guide

Achromatic 
Bending 
Magnet

Focal 
Spot

FlatteningFilter
/Scatter ing 
Foils

Ion 
Chamber Asymmetr ic 

Jaws

Courtesy of Var ian
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Schematic of an Accelerator  Head
• Electrons str ike target producing 

photons
• Photon beam is forward peaked in 

intensity
• Photon beam is flattened to provide 

uniform treatment fields  
• Fixed collimator  restr icts beam half 

angle to 14º
• Two pairs of moveable collimators 

(jaws) are used to define beam size
• Newer  machines have multi-

collimator  leaves (MLC)
• In electron mode, target is retracted 

and scatter ing foil is used.
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Radiation Sources - Photons

• Electron losses in linac and 
magnet result in photon 
production 

• Electrons str iking target 
produce pr imary photon 
beam

• Accelerator  head shielded 
with lead/tungsten for  
leakage

• High Z shielding thicker  in 
forward direction

• Shielding reduces leakage 
radiation limited to 0.1% of 
pr imary beam at isocenter  Cour tesy of Var ian
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Photo-Neutron Production
• Interaction of photon beam with accelerator  components 

results in neutron production 
• For  stable nuclei heavier  than carbon minimum energy 

for  neutron production lies between 6 and 18 MeV
• Photo-neutrons produced pr imar ily from evaporation of 

compound nucleus with a small contr ibution from direct 
process

• Neutrons are  emitted  isotropically and scatter  many 
times

• Photo-neutrons are produced mainly from the target, 
flattener  and collimators

• Neutron fluence is not attenuated but energy is degraded 
through inelastic scatter ing in high Z shielding
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Thresholds for  Photo-Neutron Production

7.3752.4208

6.7422.1207

8.0924.1206

8.41.4204Pb

7.2128.6186

7.4130.6184

6.1914.3183

8.0626.3182

8.410.1180W

9.9130.865

10.8569.263Cu

1.671009Be

2.230.022H

Eth (� ,n)Abundance (%)Atomic Number 
(A)

Element
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Photo -Neutron Spectra
• C. Ongara et al, Phys. Med. 

Biol. 45 (2000) L55-L61
• Field size =10 cm x 10 cm 
• Isocenter  = 100 cm from target
• Measurements and simulations 

in patient plane
• Measurements with BDS* 

Spectrometer  (threshold 10 
keV to 10 MeV) 

• Calculations with Monte Car lo 
Code MCNP-GN 

• Neutron fluence includes room 
scattered neutrons and direct 
neutrons from accelerator  head

*  BTI , Chalk River , Canada

ELEKTA-18 MV , Eav= 0.71 MeV
SIEMENS 15 MV, Eav= 0.34 MeV

In Field Simulated Photo-Neutron 
Spectra At Isocenter
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Photo Neutron Spectra -18 MV

• In patient plane, outside 
field

• Average Energy = 0.89 
MeV

Data from C. Ongara et al, Phys. Med. 
Biol. 45 (2000) L55-L61

ELEKTA SL20i 18 MV. Comparison between 
experimental and simulated data (at 8 cm 

from isocenter)
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Conventional Therapy

• Uses open fields and 
wedged AP, PA fields or  
lateral fields

• High dose to localized 
tumor may pose 
substantial r isk to 
surrounding  tissues and 
organs

• Difficult to optimally 
treat some tumors http://www.siemensmedical.com
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Monitor  Units (MU)

• MU is a surrogate for  dose delivered at the 
isocenter  by conventional therapy

• L inacs use transmission ion chambers to 
determine MU.

• L inacs are calibrated to deliver  1 rad (1 cGy) per  
MU at the reference depth to for  a reference field 
size 10 cm x 10 cm and a source to calibration 
point distance of SCD.

• Calculation of MU to deliver  a cer tain dose at the 
isocenter  requires a number of dosimetr ic 
quantities to be measured at commissioning.
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Intensity Modulated Radiation 
Therapy (IMRT)

• Computer  generated images used 
to plan and deliver  more tightly 
focused radiation beams to tumors

• Precise radiation dose that 
conforms to shape of tumor

• Significant reduction in dose to 
sur rounding healthy tissues

• Computer  controlled Multi-Leaf 
Collimators (MLC) are used

• Beam on time is increased
• IMRT Factor , F= Ratio of MU for  

IMRT to MU for  conventional 
therapy for  a given dose to tumor  

• IMRT Factor  var ies from 2 to 10 http://www.siemensmedical.com
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MLC Shape Accumulated Fluence

IMRT: Delivery of Leaf Sequence

A. Boyer, Radiation Oncology Dept., 
Stanford University School of Medicine, 
Stanford, CA
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Workload
• Workload (W) is usually stated in terms of 

the weekly dose at 1 m from the source
• NCRP 49 recommends use of 50,000 

cGy/week for  energies above 10 MV and 
100,000 cGy/week otherwise

• Typically 20 to 30% IMRT is used
• With IMRT, workload for  pr imary barr ier  

remains the same, but workload for  
secondary barr ier  increases
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Workload

Study of 10 Prostate Cases

WIMRT = 4.6 x Wconventional

WIMRT = 1161 MU/fraction

Wconventional = 250 MU/fraction

Computed with Corvus planning system for  Var ian dynamic MLC using 
“ step and shoot”  leaf sequences and 15 MV x-rays.

A. Boyer, Radiation Oncology Dept., Stanford University School of 
Medicine, Stanford, CA
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             Conventional    IMRT 

 
Beam Energy 

Unwedged Wedged Var ian MLC Nomos 
MLC 

 (MU/cGy) (MU/cGy) (MU/cGy) (MU/cGy) 

6 MV 1.2 2.4 3.4 9.7 

18 MV 1.0 1.5 2.8 8.1 

25 MV 1.0 1.5 2.8 8.1 
 

 

MU/cGY

A. Boyer, Radiation Oncology Dept., Stanford University School of Medicine, Stanford, CA
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Workload Calculation

Conventional Therapy
Wconv= 40 patients/day x 5 days/week x 250 
cGy/patient  = 50,000 cGy/week
WQA = 5,000 cGy (quality assurance, calibrations etc.)
WPRI =WSEC = Wconv + WQA  = 55,000 cGy/week 

Conventional Therapy + 20% IMRT (F = 6)
Wconv  = 32 patients/day x 5 days/week x 250    
MU/patient = 40,000 cGy/week 

WIMRT  = 8  patients/day x 5 days/week x 250    
MU/patient x 6 = 60,000 cGy/week 
WPRI = Wcon+ WIMRT/6 + WQA  = 55,000 cGy/week

WSEC = Wcon+ WIMRT+ WQA  = 105,000 cGy/week

With 20% IMRT and IMRT Factor  of 6, secondary barr ier  workload 
increases by a factor  of ~ 2
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Use Factor

• The fraction of time dur ing which the 
radiation under  consideration is directed at 
a par ticular  barr ier . 

• For  pr imary protective barr iers, NCRP 49 
recommends U = 0.25 for  walls and ceiling, 
and 1 for  floor

• U =1 for  secondary barr iers
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Total Body I r radiation

• Total Body I r radiation (TBI) given before 
bone marrow treatment makes use of large 
fields that cover  the whole body (~ 2 m)

• Treatment is delivered in rooms where a 
source-to-skin distance of 4 to 6 m is 
possible.

• Wall that the beam is pointed to will have a 
higher  Use Factor , U,  than in  conventional 
therapy where U = ¼. 
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Occupancy Factor , T
• Is the factor  by which the workload should be multiplied 

to correct for  the degree of occupancy in the area in 
question while the radiation source is “ ON” .

• According to NCRP 49, for  occupationally exposed 
persons, T = 1

• For  the public T = 1 for  work areas such as offices, labs,  
wards, nurse’s stations, play areas etc.

• T = ¼ for  cor r idors, rest rooms, toilets, elevators with 
operators, unattended parking lots

• T = 1/16 for  waiting rooms, toilets, stairways, unattended 
elevators, janitors closets, pedestr ian areas, etc.

NOTE: Offices beyond corr idors will be more restr ictive
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Regulatory L imits (10CFR20)

• Occupational Worker  – 50 mSv/y (5 rem/y)
• Public – 1 mSv/y  (100 mrem/y)
• Fetus of Declared Pregnant Worker  – 5 mSv 

(500 mrem) in 9 months
• Non Controlled Area – 20 � Sv  in any 1 h to 

the area, T = 1 , can take credit for  U and 
beam on time (some states require 
instantaneous dose rate � 20 � Sv/h)
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Design L imits
Controlled Area
• 0.1 mSv/week (5  mSv/y)  to an individual 

(ALARA)
• T=1
Non-Controlled Area
• 20 � Sv/week (1 mSv/y) to individual
• 20 � Sv in 1 h to an area , T = 1, take credit 

for  U
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Average Photon Energy (MeV) For  Var ious 
Incident Electron Energies*

1.571.521.42160-180
1.591.381.43145-160
1.591.471.34125-145
1.541.511.38100-125
1.591.511.4380-100
1.681.651.5055-80
1.911.771.6335-55
2.302.101.8215-35
4.752.551.760-15

25 MeV10 MeV6 MeVAngle (º)

*Nelson and La Riviere.  Health Phys. 47 (6), 1984
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Shielding Mater ials

Save Space 

Save space

High cross-
section for  
thermal 

neutrons, 0.48 
MeV �

Gain space

Free

Gain space 

Inexpensive

Advantage

Produce neutrons 

Produce neutrons

Expensive

Thermal neutron 
capture-2.2 MeV 
�

Difficult to 
control

Expensive

Too much space

Disadvantage

Photons11.35Lead

Photons7.87Steel

Neutrons0.95Borated 
Polyethylene 

(5%)

Neutrons0.92Polyethylene

Photons and 
neutrons

1.4 -1.6Ear th

Photons and 
neutrons

3.8 - 4.6High Density 
Concrete

Photons and 
neutrons

2.35Concrete

Radiation TypeDensity 
(g cm-2)

Mater ial
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Tenth Value Layers (cm) For  Concrete (� = 2.35 g/cm3)

37.7/33.8/36.736.6/31.1/32.835.3/28.6/29.3Leakage
35-55

35.5/30.5/32.534.7/28.6/29.933.3/26.1/26.9Leakage
125-145

35.9/31.9/34.734.9/29.3/31.134.1/27.5/28.4Leakage
80-100

48.2/45.4/45.641.0/36.7/37.736.7/31.3/32.3Pr imary
0-15

25 MeV10 MeV6 MeVAngle (º)

*Nelson and La Riviere.  Health Phys. 47 (6), 1984
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Tenth Value Layers  from NCRP 51, Appendices 
E12-E14

Lead

Steel

Concrete

Lead

Steel

Concrete

Mater ial

11.35

7.85

2.35

11.35

7.85

2.35

Density
(g/cm3)

2.2 (56)

4.2 (107)

17 (432)18 (457)15

2.2 (56)

4.0 (102)

14 (356)6

Pr imary
TVLe

Inches (mm)
NCRP 51

Pr imary
TVL1

inches (mm)
NCRP 51

Energy 
(MV)

Tenth Value Layer  (TVL) is thickness  of mater ial which 
reduces the dose by a factor  of 10
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Shielding Tables (Var ian Installation Data Package 5/03)

3.5 (89)

3.4 (86)

3.4 (86)

3.3 (84)

3.1(79)

3.1(79)

Steel

Leakage TVL 90º in 
inches (mm)

Pr imary TVL in inches (mm)Neutron 
Dose 

Equivalent

Yield, Y 
**

Energy  (MV)

1.9 (48)13.5 (343)2.2 (56)4.4 (112)18.0 (457)0.182520

1.9 (48)13 (330)2.2 (56)4.4 (112)17.5 (455)0.152318

1.9 (48)13 (330)2.2 (56)4.2 (107)17.0 (432)0.071615

1.8 (46)12 (305)2.2 (56)4.1 (104)15.3 (389)0.0041010

1.8 (46)11 (279)2.2 (56)3.9 (99)13.5 (343)66

1.8 (46)10 (254)2.1 (53)3.6 (91)11.4 (240)44

LeadConcreteLeadSteelConcrete(Sv/Gy)BJR 
17

BJR 
11*

*Br itish Journal of Radiology

**Using  NCRP38/ICRP21 quality factors

*At door  TVL for  polyethylene ~ 6 cm

TVL for  leakage neutrons = 21 cm of concrete assuming average energy of 1 MeV (NCRP 79)
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Cutaway of a L inac Vault

dsec

Maze

dsecdsec

P

dpr i

Pr imary
Barr ier

Secondary
Barr ier

Maze

Door
Secondary Barr ier

dsec
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Sources of Radiation

1. Photons
– Pr imary  (pr imary barr ier)
– Leakage (secondary barr ier , maze wall, door)
– Patient scatter  (secondary barr ier , door)
– Wall scatter  (secondary barr ier , door)

2. Neutrons
– Pr imary (pr imary barr ier)
– Leakage (pr imary barr ier , secondary barr ier , 

maze wall, door)
– Produced in laminated pr imary barr ier  (pr imary 

barr ier)
– Room and maze scattered neutrons (door)
– Neutron induced capture gamma rays (door)
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Pr imary Barr ier

WUT
Pd

B pri
x

2
=

P = Design dose limit at point of interest
dpri =  distance from the  target to point 
of interest
W = Workload (dose  at 1 m from target)
U =  Use Factor
T =  Occupancy Factor
Bx =Transmission Factor  for  pr imary 
beam
N = log(Bx 

-1) = Number  of  Tenth Value 
Layers
T = thickness of shielding = N x TVL

1 TVL = Log 10/µ = 3.32 HVLs
Where µ = effective attenuation 
coefficient
HVL = Half Value Layer
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Pr imary Barr ier  Calculation

15 MV Linac
W = 440 Gy/wk
P = 20 � Sv/wk
U =1/4
T = 1/4
dpri = 5.98 m
TVL1 (concrete)  = 18”
(457 mm)
TVLe (concrete)  = 17”  
(432 mm)
TVL (lead) = 2.2”  (56 mm)
Available space = 42”  
(1067 mm)

N = log Bx
-1 = 4.59 TVLs

Thickness of concrete = 18”  +3.59 x17 = 
79”  (2007 mm)

Use 36”   (914 mm) concrete
N1 = 18/18 +18/17  = 2.05
N2 = 4.59-2.05 = 2.54
Thickness of lead required = 5.6”  ~ 6”  (152 

mm)

5

262
1060.2

25.025.0440
98.51020

-
-

===
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�

�
�

�
�
�

�
�
�

�
�
�

�

x
x

WUT
Pd

B pri
x
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Broad Beam Transmission Through Concrete of 
X-rays (NCRP 51 Appendix E8)

2.65 x10-5

With 
permission 
from NCRP
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Laminated Barr iers

• Used when there is a space restraint

• A combination of high-Z (lead, steel)  and 
hydrogenous (concrete, polyethylene) mater ial 

• Photo-neutron production occurs in lead or  
steel for  pr imary barr iers at higher  energies

• Need either  concrete or  borated polyethylene 
after  the lead or  steel

• Method of McCall and Kleck*

*McCall and Kleck, Med. Phys. 21, 975 (1994) abs
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Laminated Barr ier  –McGinley’s Method

H = neutron dose equivalent rate;
Dx = x-ray dose rate at isocenter ;
Q = neutron production 
F = maximum field size at the isocenter ;
T = thickness of metal slab;
X1 = thickness of first concrete slab;
X2 = thickness of second concrete slab.
TVLX = tenth value layer  in concrete for  
pr imary x-ray beam;
TVLN = tenth value layer  in concrete for  
neutron
0.305 = the distance in m beyond the 
barr ier
Q = 19 mmmmSv cGy-1 m-2 for  lead at 18 MV
Q = 1 � Sv cGy-1 m-2 for  steel at 18 MV

TVLNXTVLXX
x

XT
QFDH

/
2

/
1

2

1010
305.02/

--

++
=

Target

Concrete
Metal

X1 T X2
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Width of Pr imary Barr ier

• Width is equal to maximum 
beam size (where pr imary 
beam exits barr ier ) plus 1 foot 
(30 cm) on either  side

• W= 2(dtan14 +12) inches
• Guards against misalignment 

of linac, forward small angle 
scatter  from patient and 
barr ier

• Width of wall calculated for  
beam aimed at junction of wall 
and ceiling

• Ver ify adequacy of  secondary 
barr ier  for  20º patient 
scatter ing

d

W
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Width of Pr imary Barr ier  Continued

Adapted from Biggs (Ref. 6)
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Example - Floor Plan
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Example – Section View
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Section View
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Ceiling Plan -Tapered Lead

• Use ceiling slant 
thickness up to 45º

• Pr imary barr ier  lead 
tapered in thickness, 
but increasing in width

• Lead sandwiched 
between concrete

• Impractical to taper  
concrete Lead

Concrete
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Secondary Barr ier  –Leakage Calculation
15 MV Linac
W = 627.5 Gy/wk (20% IMRT, IMRT Factor  = 5)
Leakage = 1 /1000
P = 20 � Sv/wk
U =1
T = 1
dsec = 5.49 m
TVL (concrete)  = 15”  (381 mm)

N = log Bx
-1 = 3 TVLs

Thickness of concrete = 3 x 15 = 45” (1143 mm)

4

26
1061.9

115.627
49.510201000

-
-

==
�
�

�
�
�

�
�
�

�
�
�

�

�
�
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�

�
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�

�

x
x
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Secondary Barr ier - Leakage

P

dl

WT
lPd

LB
21000

=g

Secondary
Barr ier

WYT
lPd

LnB
2

=

BL� = Photon Transmission

BLn = Neutron Transmission

Y = Neutron yield (cSv/Gy)
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Compton Scatter ing

Where E©is energy of scattered photon

E = energy of incident photon

))cos(1(1
'

qa -+
=

E
E

2
0cm
E

=a

moc2 = 0.511 MeV

When � = 180º and � » 1,  E' = moc2/2  = 0.250 MeV

When � = 90º and � » 1, E' = moc2 = 0.511 MeV
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Secondary Barr ier -Patient Scatter

P

dsec

F
dd

aWT
P

B scap

40022
sec=

dsca



Ipe_10May04 52

Secondary Barr ier - Patient Scatter

F
dd

aWT
PB scap

40022
sec=

dsec = distance from scatter ing sur face to the point of  interest 
dsca = distance from target to  patient;
a = scatter  fraction , depends on energy and angle 
F = beam area at the patient (cm2). 

Average energy of pr imary beam = 1/3 of maximum energy
Maximum energy of photon scattered through 90º is 0.511 MeV
Patient scatter  is important for  energies � �10 MV and > 18 MV
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Scatter  Fraction �

2.12 x 10-42.26 x 10-43.16 x 10-43.28 x 10-4150

2.33 x 10-42.59 x 10-43.70 x 10-44.88 x 10-4135

3.53 x 10-43.75 x 10-47.14 x 10-47.27 x 10-490

1.37 x 10-31.42 x 10-31.84 x 10-31.74 x 10-360

3.06 x 10-33.05 x 10-33.25 x 10-32.97 x 10-345

7.21 x 10-37.13 x 10-36.73 x 10-35.36 x 10-330

1.27 x 10-21.17 x 10-21.03 x 10-21.15 x 10-220

2.74 x 10-22.43 x 10-21.69 x 10-21.68 x 10-210

�
24 MV

�
18 MV

�
10 MV

�
6 MV

Scatter ing 
Angle 

(degrees)

Taylor  and Rodgers, Med. Phys 
26, 1442-1446, 1999
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Secondary Barr ier -Wall Scatter ing

A = Area ir radiated
� = Reflection coefficient
• depends on

– energy
– angle
– mater ial

• From NCRP 51&  Lo *

22
sec scas dd

AWUT
PB

a
=

 dsca dsec

A

*Lo, Y.C.. Med. Phys. 19,  659-666, 1992
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Direct Shielded Doors
• Used  when space is a premium
• Will require neutron shielding for  

energies � �10 MV
• Heavy shielded door consisting of a 

sandwich of lead, polyethylene and 
borated polyethylene 

• Example: 76 mm lead + 254 mm
polyethylene + 51 mm borated 
polyethylene + 76 mm  lead

• Door  should slide open in direction of 
isocenter

• Requires a shielded stop
• Wall edges may require additional 

metal shielding
• Careful ray traces need to be 

per formed for  leakage radiation
Door Stop
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CONCRETE

BORATED POLYETHYLENE

DOOR DETAILS

LEAD

POLYETHYLENE

BORATED POLYETHYLENE

CONCRETE

6.3 mm STEEL

25.4 mm STEEL

6.3 mm 
STEEL

25.4 mm gap 12.7 mm 
STEEL

12.7 mm x 254 mm 
BORATED POLY

102 mm 
BORATED 

POLY

25.4 mm 
LEAD
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Mazes

• Door thickness is reduced considerably

• Photon dose at door  (D� )
– Leakage photons through maze wall (DL)
– Wall scattered photons (pr imary, DS and leakage, DLS)
– Patient scattered photons (DPS)

• Neutron dose at door  ((Dn)
– Leakage neutrons through maze wall (DLn)
– Scattered fast neutrons (Dnf)
– Scattered thermal neutrons (Dnth)

– Neutron capture gamma rays (Dc� )



Ipe_10May04 58

Mazes –Scattered Pr imary Photons
NCRP 51  Methodology
Do = dose at 1 m from the 

target
� 1 = reflection coefficient at 

first reflection
A1 = beam area at first 

reflection (m2)
� 2 = reflection coefficient for  

second reflection
A2 = cross section area of maze 

(m2)
di = perpendicular  distance (m) 

from target to first reflection
dr1= distance (m) from beam 

center  at first reflection to 
maze center  a

dr2= center line distance (m) 
along maze from point a to 
door

2
21

2211
)( rr ddd

AAUDD
i

o
S

aa=

1<Height/Width <2,: 2<dr2/(A2)1/2>6
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Mazes –Scattered Leakage Photons

DL0 =  leakage dose  at one meter  
from the target

� 1 = reflection coefficient for  wall 
A1 = area of  ir radiated wall (m2)
d1 = center line distance from the 

target to the ir radiated wall (m)
ds = center line distance along the 

maze from ir radiated wall to 
door  (m)

2
1

110
)( dd
ADD

s
LS

L a=
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Maze – Patient Scattered Photons
D0 = pr imary beam dose at 1 m 

from the target
a = scatter  fraction for  dose at 1 

m from patient 
F = field area at patient (cm2);
� 1 = reflection coefficient 
A1 = area (m2) of ir radiated wall 

seen by maze
dsca = distance from target to 

patient (m)
dsec = distance from the patient to 

the maze center  of ir radiated 
area

ds = center line distance along 
maze (m)

2
11

)(
)400/(

sec ssca

o
PS ddd

AFaDD a=

ds
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Mazes –Scattered Neutron Dose
1. Kersey Method*

Dn = = Dnf + Dth = total neutron  dose 
equivalent 

DLn = leakage neutron dose equivalent at 1 m  
from target

TVD = Tenth Value Distance = 5 m 
d = distance from isocenter  to center  of maze
Dc� = Dn /5  = capture gamma dose equivalent

2. McCall’s Albedo Method (NCRP 79)

3. McGinley’s Method in Ref. 6

*  Kersey, R.W. Medicamundi 24, 151

d

L

2)5/(10 --= xdxDD L
Lnn
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Mazes –Scattered Neutron Dose
3. McCall’s Modified  

Kersey
Method For  Long Mazes
Dn = total neutron  dose 

equivalent
DLn = leakage neutron dose 

equivalent
at 1 m from target
1st TVD = 3 m
2nd TVD = 5 m
d = distance from isocenter  

to center  of maze
Dnf = Dth = Dc� = Dn/2
TVLc� for  lead = 61 mm
TVL for  neutrons from 

NCRP 79

d

L

2)5/)3(1(10 --+-= xdxDD L
Lnn
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Mazes –Scattered Neutron Dose
4. Measurements by Ipe et al*  for  6 m long maze 

with tungsten moderated 252Cf
– 1st TVD  = 3.3 m
– Dnf = 0.56 D, Dth = 0.32 D, Dc� = 0.12D, D = total dose 

equivalent

5.Compar ison of Monte Car lo and analytical methods in 
paper  by Car inou et al** .

6. For  mazes with additional legs refer  to NCRP 114
7. Improve maze effectiveness

– Reduce opening inside maze entrance 
(transmission scales with A1/2/d)

– Increase maze length
– Add another  leg
– Add inner  borated polyethylene door
– Line inner  wall of maze with borated polyetthylene

*Ipe et al . Proc. of ANS RPSD 1998

**Car inou et al. Med. Phys. 26 (12), 1999.
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Radiation Measurements for  IMRT

• Presence of beam modulation devices 
does not  affect neutron production*

• Increased beam-on time for  IMRT 
compared to conventional radiotherapy

*Ipe et al, Proceedings of Wor ld Congress on Medical Physics and 
Biomedical Engineer ing, July 2000, Chicago
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IMRT Shielding Summary

• Pr imary Barr ier  unchanged

• Leakage Barr iers increased 
by 2 to 3 HVL*

• Maze Doors increased by 2 to 3 HVL*

for  photons and neutrons

* Depends on IMRT system and plan details including

effective energy of the linac
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Ducts and Penetrations

• Penetrations should not point directly to 
isocenter /target

• Ducts, conduits and penetrations can be 
brought in under  the floor  slab

• HVAC ducts should follow maze close to the 
ceiling and shield with baffle, soffit shielding, 
duct wrap etc.

• Physicists conduit in secondary barr ier  
should have a compounded 45º angle

• No penetrations allowed in pr imary barr ier
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Shielding for  Ducts and Penetrations

Adapted from Biggs (Ref. 6)
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Shielded Soffit – Inter ior  View Looking 
Up

1 inch lead
2 inch borated 
polyethylene 
(BPE)

BPE 
cutout
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Photon Skyshine –NCRP 51 Methodolgy

Primary Beam

Leakage

( )2

3.1

0
610249.0

si

ixs
dd

DBxD W=

Where D (nSv s-1) is the dose 
equivalent rate at a distance ds

from the isocenter

Bxs is the roof shielding 
transmission factor

di is the distance between the 
target and a point  2 m above 
roof

Dio is the x-ray dose at 1 m from 
the target (cSv s-1)

Adapted from Biggs (Ref. 6)
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Neutron Skyshine –NCRP 51 Methodolgy

( )20
51084.0

i

ns
d

BxH W= f

Where H (nSv s-1) is the 
neutron dose equivalent rate at 
ground level

Bns is the roof shielding neutron 
transmission factor

di is the distance between the 
target and a point  2 m above 
roof

� o is the neutron fluence rate at 
1 m from the target (n cm-2s-1)

Adapted from Biggs (Ref. 6)
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Interactions With Architect
• Communicate 

– Expectations
– Fee 
– Schedule
– Shielding requirements
– Advance notice of changes
– Nature of drawings required- views, scale, content
– Regulatory requirements such as submission of state 

repor t
– Alternate shielding approaches, mater ials and methods
– Handling of ducts, penetrations, door  jambs
– Review of  drawings
– Concrete density testing

• Document
• Educate
A PICTURE IS WORTH A THOUSAND WORDS!
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Room Layout/Architectural Drawings

• Ver ify 14º half angle for  pr imary beam
• Pr imary barr ier  centered on isocenter
• L inac can be moved in through maze
• Space is adequate for  couch rotation
• Called out and scaled dimensions are the same
• Ver ify dimensions and shielding mater ial
• Ver ify location of physicists conduit 
• In multi-linac facility consider  cross talk from 

adjacent linacs
• For  roof shielding consider  adjacent mult-

stor ied building and access to roof
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Shielding Repor t

• Cover  page
– Title

– Date
– Facility name and address

– Physicist name and address
– Architect’s name and address

– Linac manufacturer , model and energy

• Regulatory and Design L imits
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Shielding Repor t Continued

• Assumptions
– Workload
– Use and occupancy factors
– Energy of linacs
– Photon leakage
– Neutron leakage
– Shielding  mater ial parameters

• Information for  architects and contractors
– Drawings represent facility accurately
– Site concrete density testing
– Staggered joints for  shielding
– No hollow structural columns in concrete
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Shielding Repor t Continued

– Pr imary barr ier  centered on isocenter
– No change in isocenter  location or  linac or ientation 

without approval
– Location of physicists conduits and penetrations
– Handling of recesses in walls
– Shielding of ducts 
– No additional penetrations without approval
– Inter locking lead br icks
– Minimize gaps between door  and walls
– Order  of shielding to be followed
– Undisturbed ear th shielding
– Review of construction and shop drawings by 

physicist
– Construction site  inspection by physicist
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Shielding Repor t Continued

• Facility Drawings
– Scaled plan and  section views of vault
– Overall floor  plan
– Site plan
– Machine and isocenter  locations shown
– Pr imary beam shown
– Width of pr imary barr ier  shown
– All shielding mater ial and dimensions called out
– Surrounding areas shown
– Controlled and Non-Controlled areas identified
– Shielding for  HVAC duct shown
– Door  shielding shown
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Shielding Repor t Continued

• Shielding methodology
• Dose calculations
• Compliance with regulatory/design limits
• Other  requirements

– Warning lights
– Radiation warning signs
– Door  inter locks
– Emergency off
– Remote monitor ing of patient
– Intercom

• Concluding statement that facility shielding 
complies with regulatory limits
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PART 2: CONSTRUCTION

1. Construction Document 
– Shielding Report
– Interactions with 

contractor
– Review of construction 

drawings and submittals 
and sign off

– Ensure all requirements 
are addressed

– Concrete density 
specifications

2. Construction 
Administration

– Concrete density testing
– Design changes
– On site inspection and 

sign off

Courtesy of Rudolf and Sletten
http://www.rsconst.com
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Interactions With Contractor

• Initial education of contractor  and 
subcontractors

• Shop drawing submittal and review 
process

• Identifying conflicts between design and 
shop drawings

• Lead thickness adjustments
• Onsite inspections &  ver ifications
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Rebar

• Rebar  is steel
• Less than few % of 

barr ier  area
• More effective than 

concrete for  photons
• Scatters neutrons
• Has high thermal 

neutron cross section

Cour tesy of Rudolf and Sletten, http://www.rsconst.com
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Rebar  Installation

Courtesy of Rudolf and Sletten, http://www.rsconst.com



Ipe_10May04 82

CONCRETE FORM WORK

Courtesy of Rudolf and Sletten http://www.rsconst.com
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FORM TIES
• Steel tubes with diameter  ~ 6.3 

mm used to hold forms
• Not of  photon shielding concern 

since steel is more effective than 
concrete 

• Steel scatters neutrons, so no 
direct line of sight

• Only a small por tion of neutron 
source is seen by steel duct

• Neutrons not detected by 
standard methods because of 
small beam size

• Transmission of duct scales with 
A1/2.

Cour tesy of Rudolf and Sletten, http://www.rsconst.com
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Physicist’s Conduit

• In secondary barr ier

• Should be pointed 
away from isocenter / 
target

• Use 45 degree 
compounded angle 
or  br ing it under  the 
floor  slab

Courtesy of Rudolf and Sletten, 
http://www.rsconst.com
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Concrete Pour
• Concrete ultimate dry 

density at equilibr ium = 
2.35 g/cm3

• Site density testing with 
cured cylinders

• Concrete vibrated dur ing 
power to avoid voids

• Continous pours prefer red
• Use keyways, staggered 

joints, notches, 
sandblasting of sur faces, 
etc. for  non-continuous 
pours to prevent thin spots 
at cold joints

• No hollow structural 
columns in concrete walls

Cour tesy of Rudolf and Sletten, 
http://www.rsconst.com
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Inter locking Lead Br icks

• Br icks inter lock with 
“ tongue &  groove”  
system

• Br ick thickness’  are 1” , 
1 ½” , 2” , and 2 ½”

• Single br ick weights 
vary from 18 lbs. to 45 
lbs.

• Custom br ick sizes are 
available, but costly

• Lead sheet is also 
available up to ½”  thick

Courtesy of Rudolf and Sletten
http://www.rsconst.com
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Shielding With Inter locking Lead 
Br icks

• Gaps between lead 
br icks can be filled 
with lead shavings

• Lead br icks should 
be staggered

Courtesy of Rudolf and Sletten, http://www.rsconst.com
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Lateral Lead  Wall And Ceiling

• Lead wall is 
suppor ted with steel 
tubes

• Better  than bolting 
the lead to the walls

• Vault is underground 
and requires some 
ceiling shielding 
where building ends

Courtesy of Rudolf and Sletten, http://www.rsconst.com
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L inac Door  Frame

•Gaps between 
door  and floor , 
jambs should 
be minimized

•No lead sill for  
energy > 10 
MV since lead 
is transparent 
to neutrons

Courtesy of Rudolf and Sletten, http://www.rsconst.com
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L inac Door Construction

• Steel face plates

• Concrete jambs 
around

• Sufficient over lap 
between door  and 
jambs

Courtesy of Rudolf and Sletten, http://www.rsconst.com
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L inac Door Construction

• Inter locking lead 
br icks are stacked 
inside door

• Lead br icks are 
staggered

Courtesy of Rudolf and Sletten, http://www.rsconst.com
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L inac Door Construction

• Borated polyethylene 
shielding is added in 
front of lead

• Order  of shielding is 
impor tant

Courtesy of Rudolf and Sletten, 
http://www.rsconst.com
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L inac Door

• 8000 lb door
• Appropr iate door operators 

and hinges to be  used, and  
hinges to be hung correctly

• Door  will require inter locks, 
kill switches, emergency power 
or  battery back up

• Door  opening and closing times 
meet ANSI  standards.

• May require a pressure 
sensors, presence sensors etc.

Cour tesy of Rudolf and Sletten, http://www.rsconst.com
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Shielded Soffit

• Openings above 
the door   used for  
HVAC, 
mechanical ducts, 
and plumbing and 
electr ical i

• Conduits and 
ducts shall follow 
the maze.

Courtesy of Rudolf and Sletten, http://www.rsconst.com



Ipe_10May04 95

Shielded Soffit

Courtesy of Rudolf and Sletten, 
http://www.rsconst.com
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Accelerators” , NCRP 79, 1984

2. “ Radiation Protection Design Guidelines for  0.1-100 MeV 
Par ticle Accelerator  Facilities” , NCRP 51, 1977

3. “ Structural Shielding Design and Evaluation for  Medical 
Use of X Rays and Gamma Rays Up to 10 MeV” , NCRP 
49, 1976

4. “ Shielding Techniques for  Radiation Oncology Facilities” , 
P McGinley, Medical Physics Publishing, Madison, WI , 
1998

5. “ The Design of Radiotherapy Treatment Room Facilities”  
Repor t No. 75, The Institute of Physics and Engineer ing 
in Medicine, Edited by B Stedeford, HM Morgan, and 
WPM Mayles, York, UK, 1997

6. “ Radiation Shielding for  Megavoltage Therapy Machine 
in the Post-NCRP 49 Era” , P.J. Biggs, AAPM Refresher  
Course, 2001
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Questions?


