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 Supersedes NCRP Report No. 49 and No.51
 Dual energy machines (max energy in No. 49 was 

10 MV) 
 Deals with production of neutrons (replaces 

NCRP Report No. 79)
 Composite materials for barriers
 New treatment techniques (ex. IMRT and TBI)

Use NCRP (National Council on 
Radiation Protection) Report 151

Presenter
Presentation Notes
This new report supersedes the recommendations for report number 49 and report number 51.   Since the publication of NCRP report No. 49, many facilities have been designed with dual energy machines (the maximum energy covered in 49 was 10 MV).  In the case of energies above 10 MV, the report deals with the production of neutrons, which was previously covered in report number 79.  The use of barriers constructed with composite materials is covered by the report.  The report also deals with new treatment techniques such as IMRT.  



Quantities and Units

 Dose equivalent (Sv)

[ ] [ ]
H QD
Sv Gy
=

=

Q LET (H2O)
(keV/µm)

Type of  Radiation

1 ≤3.5 photons and electrons

2-5 7-23 protons, neutrons

10 53 α particles

Presenter
Presentation Notes
The recommended quantity for shielding design calculations when dealing with photons as well as neutrons is the dose equivalent.  Dose equivalent is defined as the product of the quality factor for a particular type of ionizing radiation and the absorbed dose D (in units of Gy).  Various quality factors are listed here for different types of radiation.  For photons and electrons, equivalent dose is equal to absorbed dose.  As the LET increases, the quality factor increases.  For protons and neutrons the quality factor is between 2 and 5.  And for alpha particles, the dose equivalent is a factor of 10 from absorbed dose.



What’s 
WUT ?



Workload

 W = dose to iso 
(Gy m2/week)

Low energy High energy

1000 Gy/wk NCRP No. 49

500 Gy/wk NCRP # 51

< 350 Gy/week < 250Gy/wk Kleck and Elsalim (1994)

450 Gy/wk 400 Gy/wk Meckalakos et al (2004)

Presenter
Presentation Notes
The workload factors used in the shielding equations is simply the dose to isocenter per week.  This is estimated from the average number of patients treated in a week and the dose per patient.  If data could not be determined from direct knowledge then, NCRP report no. 49 recommended using 1,000 Gy/wk for low energy machines, and 500 Gy/week (per 51) for high energy machines.  A survey by Kleck in 1994 fournd that linacs operating at 6 MV had a workload less than 350 Gy/wk and that the workload for high energy machines less than 250 Gy/week.  A more recent survey found an increase in workload.  450 Gy/wk for low energy and 400 Gy/week for high energy.  The product of the workload and the use factor is broken down into each component for primary and secondary barrier calculations.  For primary calculations, the product is broken down into the sum of the products to account for differences in usage and workload factors.  The workload for patient scatter is given as the sum of the workloads (and a use factor of one).  And for leakage considerations, the workload is given as the sum of the workloads with a correction factor is applied to the workloads.



IMRT Factor
 IMRT requires more MUs
 Leakage radiation increases
 IMRT factor is the ratio of average MU for IMRT (MUIMRT) and the MUs for 

conventional treatment (MUconv)
 Take sample of IMRT cases, calculate average total MU to deliver prescribed dose per 

Fx for each case, sum all the cases to give MUIMRT
 Calculate MU required to deliver same dose per Fx at 10 cm depth, 100 cm SAD using 

10 x 10 field size to obtain MUconv

CI ~ 2 - 10

Presenter
Presentation Notes
Since IMRT requires more MUs, the leakage radiation will increase.  This is taken into account by applying a correction factor which is the ratio of the average MUs for IMRT and the MUs for conventional treatment to give the same dose.  This factor is determined by taking a sample of IMRT cases, calculating that average total MU to deliver the prescribed dose per Fx for each cases, and summing all of the cases to give MU IMRT.  Then calculate the MU required to deliver the same dose per Fx at 10 cm depth, 100 cm SAD using a 10x10 cm2 field size to obtain MU conv.  The IMRT correction factor is typically on the order of 2-10.  



TBI Factor

 WTBI (cGy/week at iso) significantly higher than conventional 
RT because of extended distance

 Leakage also higher
 WTBI is product of the weekly total TBI dose to patient and 

square of treatment distance in meters

Weekly workload without TBI ~ 45,000 cGy m2/wk

One TBI per/week ~1,200 cGy m2/wk

WTBI=1,200 cGy m2/wk * (3m)2 = 10,800 cGy/wk

UTBI=10,800/45,000 = 0.24

Presenter
Presentation Notes
For TBI, the dose at isocenter is significantly higher than conventional RT because of the extended distance.  This will also increase the leakage workload.  The workload for TBI is given by the product of the weekly total TBI dose to the patient and the square of the treatment distance.  So, for example the weekly workload with TBI is 45,000 cGy/week.  With one TBI of 1200 cGy/week the TBI workload is calculated as 10,800 cGy/week.  This would be added into the total workload.  The use factor for primary shielding is given as the ration of the TBI workload to the workload without TBI, in this case 0.24.



Use Factor

 U = fraction of 
primary beam 
workload directed 
toward barrier

 Breakdown 
important for 
specific facility 
depending on tx 
types (ex. tangent 
breast)

Presenter
Presentation Notes
The use factor is the fraction of the primary beam workload that is directed at the barrier in question.  Use factors are tabulated as a function of gantry angle.  For 90 degree intervals the use factors are given as 31% at 0 degrees, 21.3% for laterals and 26% for 180 degrees.  If 45 degree intervals are used, the use factors as a function of gantry angles change.  The lateral use factors decrease as the oblique angles are used more frequently. These type of breakdown is important for your specific facility, where for example, a large fraction of tangent breast fields would affect the use factor for gantry angles.  



Basic Primary and Scatter Beam



Occupancy Factor

 T = avg 
fraction of time 
person is 
exposed

Presenter
Presentation Notes
The occupancy factor is the average fraction of time that the person is exposed.  For a full occupancy area (such as at the treatment console), the occupancy factor is 1.  For an adjacent treatment room a occupancy factor of ½ is recommended.  Factors continue to decrease as fraction of exposure time decrease, such as outdoor areas with transient pedestrian to 1/40.



Distance (d)

 Primary (d): Distance from Source to Barrier.
 Secondary (d1, d2, etc,): Distance from Source of 

Scatter to Barrier.
 Leakage (d): Distance from Source to Barrier.

 Inverse Square Law Assumed in all Cases.



Shielding Design Goals

 Controlled Areas
 Limited access area where occupational dose of employees 

is controlled (ex. operator station)
 Report recommends max dose level for controlled areas to:

5 mSv/yr or 0.1 mSv/week

Presenter
Presentation Notes
Shielding design goals are broken up into two types of areas.  Controlled and uncontrolled areas.  A controlled area is a limited access area where the occupational dose is controlled by law (such as the operator station).  The report recommends a maximum dose level for controlled areas to 5 mSv/year or 0.1 mSv/week.  



Shielding Design Goals

 Uncontrolled Areas
 Areas occupied by pts, visitors, non-radiation workers
 Report recommends max dose level for uncontrolled areas 

to:

1 mSv/yr or 0.02 mSv/week
 Limit based on NCRP recommendation for annual limit of 

effective dose to public

Presenter
Presentation Notes
An uncontrolled area, is an area that is occupied by patients, visitors, and non-radiation workers.  The report recommends a maxiumum dose level for uncontrolled areas to 1 mSv/year or 0.02 mSv/week.  This limit is based on the NCRP recommendation for the annual limit of effective dose to the public.  



Regulatory Mandates 

 Following the mandates of the NRC 10CFR20, the 
maximum permissible exposure levels are as follows:

 (a) The maximum annual occupational exposure, 
according to ALARA principles will be 500 mrem, or 
0.1 mSv per week.

 (b) The maximum annual non-occupational exposure 
will be 100 mrem, or 0.02 mSv per week.

 (c) The dose to any unrestricted area will be no more 
than 2 mrem in any one hour.



Permissible Dose (P) and 
Transmission Factor (B)

 P = Maximum Permissible Dose Allowed to the 
Area to be Protected.
 P = 100 mr/wk for Controlled Area
 P = 2 mr/wk for Non-Controlled Area

 B = Required Transmission Factor to Reduce 
Dose to Barrier Area.



NCRP 91 Recommendations



Primary Radiation Barrier

 P = Un-Absorbed Dose to Barrier
 B = Transmission required to reduce dose to 

Allowed Values
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Calculation Methods

 Primary Barriers

( )
( )barrier 1 e

log

TVL 1 TVL
prin B

t n

= −

= + −

1

e

TVL  = first TVL
TVL  = equilbrium TVL layer

Presenter
Presentation Notes
The number of TVLs can then be determined from the law of exponential attenuation. The barrier thickness is then given by this equation here, where the first term is the first tenth value layer and the second is the equilibrium tenth value layer of the desired materials used.  The equilbrium TVL is used to account for the spectral changes in the radiation as it penetrates the barrier.



Basic Primary and Scatter Beam



Calculation Methods

 Secondary Barriers (scatter and leakage)
2
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Presenter
Presentation Notes
Secondary barriers are broken up into patient scatter and leakage calculations.  The barrier transmission needed for radiation scattered by the patient is given by this equation, where dsca is the distance from the source to the patient (usually 1 m), dsec is the distance from the scattering object to the point in question, a is the fraction of the primary beam dose that scatters from the patient at a particular angle, and F is the field area at 1 m in units of cm2.  400 assumes that the scatter fractions are normalized to those measured for a 20x20cm2 field size.  The barrier transmission of leakage radiation is given by this equation where the factor of 1,000 comes from the assumption that leakage radiation from the linac head is 0.1% of the primary beam.  dL is the distance from the source.  Tenth value layers are tabulated for scatter (as a function of scattering angle) and for leakage.  



α: Ratio of scatter to incident



Barrier Cross-Considerations

 Primary Barrier is adequate for Secondary 
Radiation.

 Leakage Barriers Usually Exceed Scatter Barriers. 
(higher energy)

 If the Barriers differ > 3 HVL, Thicker Shield is 
adequate.

 If they differ by < 3 HVL, 1 HVL is Added.



Shielding for Neutrons

 Energies > 10 MV introduce neutrons due to hv, e-
interaction with target, flat. Filter, collimators, etc. 
(Mainly copper activation)

 This is a small component of the total beam, 0.5% 
in-field, 1.0% out.

 Concrete within the walls is hydrogenous enough 
to absorb neutrons.



Doors and Mazes

 Low-Energy Accelerators (≤ 10 MV)
 High-Energy Accelerators (>10 MV)

Presenter
Presentation Notes
Door and maze design shielding considerations are broken up into two energy ranges.  Low energy accelerators (nominal energies less than or equal to 10 MV) and high energy accelerators (above 10 MV).  When the incident electron energy exceeds 10 MeV, neutron production caused by photodisintegration becomes significant.  These neutrons can go on to cause activation by neutron capture.  The decay of radioactive nuclide leads to the emission of a photon (or a capture gamma ray), which goes on to interact.  The report deals with calculating the dose due to neutrons and also the dose from neutron gamma rays.  



Doors and Mazes (≤ 10 MV)

Hs = scatter dose

HL= head-leakage dose

Hps=patient scatter

HLT=leakage transmitted

Presenter
Presentation Notes
This figure illustrates a typical vault maze showing the necessary parameters needed for maze and door shielding.  There are four main components we are interested when calculating the amount of radiation that reaches the door.  The first is the dose due to scatter of the primary beam from the room surfaces (Hs), the dose due to head leakage photons scattered by the room surfaces (HL), the dose due to patient scatter (Hps), and the dose due to leakage radiation transmitted through the inner wall.  



Doors and Mazes (≤ 10 MV)

Presenter
Presentation Notes
So, the dose for each of these components is calculated using the basic equation for reflected radiation, substituting in the appropriate distance, reflection coefficient, cross sectional area, and distances, and use factor.  The dose at the door due to scatter, depends on square the distances, iso to the wall, the wall, to the maze, and the maze length.  A0 is the beam area at the first scattering surface, and Az is the area in maze seen by the primary barrier.  The alpha’s are the corresponding reflection coefficient for each of the scatter surfaces.  The doses due head-leakage, patient scatter, and leakage transmitted through the maze wall are calculated in a similar manner with the appropriate barrier, cross sectional area, and reflection coefficient. In the leakage scatter and patient scatter equations, A1 the area of Wall G seen from the maze door.



Doors and Mazes (>10 MV)

Weekly dose equivalent at the door due 
to neutron capture gamma rays:

Presenter
Presentation Notes
When linac energy exceeds 10 MV, the previous techniques are still valid, but we must also consider the dose due to neutrons and capture gamma rays.  This diagram shows a basic room layout for the necessary parameters needed to calculate the doses. The weekly dose due to neutron capture gamma rays is given by this equation here, where WL is the workload for leakage radiation, times K, the ratio of the neutron capture gamma-ray dose to the neutron fluence at A, an average value based on measurements can be used, phi is the neutron fluence at A per unit dose, which is scaled by exponent proportional to the distance.  



Shielding for Neutrons

 The door poses a challenge: The maze helps 
considerably.

 A few inches (2-3) of borated polyethylene will 
effectively absorb neutrons, but δ rays are 
produced.

 Therefore, for scattered photons and generated δ 
rays, lead distal to the poly-ethylene is needed.



Shielding Materials
Shielding 
Material

Density
g/cm3

Atomic 
Number

H conc. x 1022

(atoms/cm3)
Relative 
cost

Ordinary 
concrete

2.35 11 0.8-2.4 $$

Heavy-
density 
concrete

3.7-4.8 26 0.8-2.4 $$$$

Lead 11.35 82 0 $$$
Steel 7.8 26 0 $$
Borated
Polyethylene

8 $$$

Earth 1.5 ?

Presenter
Presentation Notes
When choosing a shielding material there are various types of shielding material to choose from.  Ordinary concrete is the most commonly used material, it can be provide good structural strength and shielding from both x-rays and neutrons.  It has a density of about 2.35 g/cm3.  Because its density can vary depending between different parts of the country and also between truckload it is important to have independent testing performed to verify the density, because it could have a significant affect on the shielding properties.  The amount of hydrogen content is important for neutron shielding and concrete as a good amount.  Heavy-density concrete is concrete that has a density greater than 2.35 g/cm3 and the values typically range from 3.7 to 4.8 depending on the type of higher density aggregates that are added.  A disadvantage of the heavy concrete is the high cost and also handling difficulties.  The report indicates that most contractors are not accustomed to working with heavy concretes.  The high density of lead (11.35 g/cm3) make it an excellent shielding material for x-rays and gamma rays when space is limited.  It should be encased in concrete to prevent toxicity.  It is also transparent to fast neutrons.  Steel on the other hand is non-toxic and is also relatively inexpensive.  It has a density of about 7.8 g/cm3.  One of the best neutron shielding material that is available is polyethylene because of its high hydrogen concentration.  It can also be loaded with boron to increase the thermal neutron capture, and standard borated polyethylene (BPE) contains 5% of boron by weight.  Earth is also commonly use as shielding material by placing the accelerator room partially or entirely underground.  Its density can vary considerably but is generally considered to have a density of 1.5 g/cm3



HVL and TVL Values



Primary Barrier TVL’s (cm)

Co-60 6 MV 10 MV 18 MV

Concrete 21/18 37/33 41/37 45/43

Steel 6/5 10/10 11/11 11/11

Lead 4/6 5.7/5.7 5.7/5.7 5.7/5.7

Earth 34 50 72 74

TVL1/TVLeffective

Presenter
Presentation Notes
This slide tabulates useful primary beam tenth value layers for various materials used in shielding, concrete, steel, lead and earth, for different energies varying for Co-60 up to 18 MV.  The first term is the first TVL followed by the equilibrium TVL.



B (Transmission) vs. Absorber Thickness



Conduit and Void Shielding



Shielding Design Assumptions

Conservative Assumptions
 Attenuation of primary beam by pt is neglected. Pt attenuates 

primary beam by 30% or more.
 Calculations of barrier thickness assume perpendicular 

incidence of radiation
• Leakage radiation from radiotherapy equipment is assumed to 

be at the maximum value recommended
• Recommended occupancy factors for uncontrolled areas are 

conservatively high
• The minimum distance to the occupied area from a shielded 

wall is assumed to be 0.3 m.

Presenter
Presentation Notes
I’ll just go over some of the assumptions that are made in the design of shielding.  The report prevents a conservative shielding methodology and using the following assumptions in the calculations.  We ignore the attenuation of primary beam by the patient.  The patient typically attenuates the beam by 30% ore more.  The barrier thickness assume perpendicular incidence of radiation which represents the worst case scenario.  Leakage radiation from the equipment is assumed to be at its maximum value.  The recommended use factors for uncontrolled areas are conservatively high to ensure minimal dose to the public.  The minimum distance to an occupied area from a shielded wall is assumed to be 0.3m which is a conservatively safe assumption, we are probably more like 1 m or so away, when standing at the console.  



Typical Room Design



Typical Room Design



Typical Room Design



Example
 Primary Barrier at D (tx control 

area)
 P=5 mSv/yr (0.1 mSv/wk)
 dD=6.2m (iso to 0.3m beyond barrier), 

dprim=7.2m
 W(18MV)=450 Gy m2/wk
 W(6MV)=225 Gy m2/wk
 U=0.25
 T=1
 Bpri(18 MV)=4.61x10-5

 n=4.34
 tbarrier=47 cm + (4.34-1)43 cm=191 cm[ ]

2
pri

pri
pri

Pd
B

WU T
=

( )
( )barrier 1 e

log

TVL 1 TVL
prin B

t n

= −

= + −



Example
 Check barrier thickness is adequate for 6 MV primary
 P=0.1 mSv/wk
 tbarrier=47 cm + (4.34-1)43 cm=191 cm

[ ]
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Example
 Secondary Barrier at B (tx control area)
 Patient Scatter
 P=5 mSv/yr (0.1 mSv/wk)
 dsca=1m
 dsec-=7.2 m
 W(18MV)=450 Gy m2/wk
 W(6MV)=225 Gy m2/wk
 U=0.25
 T=1
 α(18MV)=2.53x10-3 m2 (18 MV 30 2.5 cm depth)
 F=40x40cm2

 Bps(18 MV)=4.55x10-3

 n=2.34
 TVLsca(18 MV)=32 cm concrete (30 sca)
 TVLsca(6 MV)=26 cm concrete (30 sca)
 tsca(18 MV)=2.34 (32 cm)=75 cm
 tsca(6 MV)=2.08 (26 cm)=54 cm
 tsca=75 cm +log2 (32cm)=85 cm (2 source rule)

2
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sca sec
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Example
 Secondary Barrier at B (tx control 

area)
 Leakage
 P=5 mSv/yr (0.1 mSv/wk)
 dL=7.2 m
 W(18MV)=450 Gy m2/wk
 W(6MV)=225 Gy m2/wk
 U=0.25
 T=1
 BL(18 MV)=1.15x10-2

 n=1.94
 TVLL(18 MV)=36/34 cm
 TVLL(6 MV)=34/29 cm
 tL(18 MV)=36cm+(1-1.94) (34 cm)=68 cm
 tL(6 MV)=34cm+(1-1.64) (29 cm)=53 cm
 tL=68 cm +log2 (34 cm)=78 cm (2 source rule)
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Example
 Secondary Barrier at B (tx 

control area)
 Patient Scatter + Leakage
 Apply 2 source rule once more
 tsca=85cm
 tL=78 cm
 tTot=85+log2 (34 cm)=95 cm



Example
 Check all secondary barrier thicknesses
 P=0.1 mSv/wk
 tTot=85+log2 (34 cm)=95 cm



Example

 For 18 MV scatter at B
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( ) ( )

2 2 2
sca sec

95 2
3 232

2

2 2 2

400

10

10 2.5 10 450 0.25 1
40 40 0.023

4001 7.2

barrier

sca

ps ps
ps

t
TVL

ps

cm
cm

ps

B aW UT FH
d d cm

B

Gy mx m
wk x cm mSvH

cm wkm m

−

 −  − 

=

=

 ⋅
    = = 

 

Note:  use factor is 
used in patient scatter



Example

For 18 MV leakage at B
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Example

 Repeat calc for 6 MV leakage and scatter at B
 18 MV scatter + leakage = (0.023 +0.016) mSv/wk
 6 MV scatter + leakage = (0.0027 + 0.0035) mSv/wk

 Total sum=0.045 mSv/wk at B
 Design goal 0.1 mSv/wk



Example

 IMRT modifications
 Leakage-radiation workloads increase with CI

 18 MV 1,170 Gy/wk (factor of 2.6)
 6 MV 945 Gy/wk (factor of 4.2)

( )
( )

( )

( )

( ) ( )
( )
( )
( ) ( )

23
2

3
2

3

3

1,000 0.1 10 7.2
1,00018 4.43 10

1,170 1

118 log 2.35
4.43 10

18 36 1 2.35 34 82

6 5.49 10

6 2.26

6 34 1 2.26 29 70.5

L
L

L

L

L

L

L

L

Svx m
Pd wkB MV x

W T Gy m
wk

n MV
x

t MV cm cm cm

B MV x

n MV

t MV cm cm cm

−

−

−

−

 
 
 = = =
 ⋅
 
 

 = = 
 

= + + =

=

=

= + + =



Example

 IMRT modifications
 Leakage-radiation workloads increase with CI

 18 MV 1,170 Gy/wk (factor of 2.6)
 6 MV 945 Gy/wk (factor of 4.2)

( ) ( )
( ) ( )

( ) ( )

( )

18 36 1 2.35 34 82

6 34 1 2.26 29 70.5

apply 2 source rule
18 82 log 2 34 92.2

recall 
84.5

apply 2 source rule once more
92.2 log 2 34 102.4
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Secondary barriers 
increase from 95 cm to 
102.4 cm



Barnes-Jewish West County Hospital 
(BJWCH): Background

 40 patients a day in the single linac room 
 The treatment room resides on the first floor of the new 

building, and only one of the walls of the room is 
attached to the building.  

 Below the vault is earth, so no shielding will be required 
on the floor.  

 Nothing is planned to reside above the vault, so a low 
occupancy on the ceiling is assumed.  

 To the south and east of the vault will be parking 
spaces. 



BJWCH: Room Dimensions and 
Geometry 

 The console where the therapists will control the linear 
accelerator is on the west wall, with the swinging entry 
door in the northwest corner.  



BJWCH: Room Dimensions and 
Geometry 

 
   Controlled Minimum 
Barriers Description Category Area? distance (m) 

A1 West wall (Console) secondary Y 8.10 
A2 West entrance (Door) secondary Y 7.65 
B1 South wall primary N 6.50 
B2 South wall secondary N 5.90 
C1 East wall secondary N 5.00 
D1 North wall primary N 6.50 
D2 North wall secondary N 5.90 
E1 Ceiling primary N 5.60 
E2 Ceiling secondary N 4.81 
F1 2nd floor diagonal secondary N 11.65 

 



BJWCH: Room Dimensions and Geometry 



BJWCH: Room Dimensions and Geometry 



Workload and Usage Assumptions

 - A number of factors went into the consideration of 
the workload of the BJCWC linac facility.  

 The clinic is assumed to treat approximately 40 
patients per day at capacity, with the average 
prescription dose being approximately 200 cGy.  

 The QA load on the machine (plus a buffer on the 
average dose per treatment) gives a conservative 
estimate of 50,000 cGy delivered per week by the 
linear accelerator. 



Workload and Usage Assumptions

 
Workload Calc         
         

Max txs,QA/week: 250 (200 pts + QA + buffer)      
Avg dose to iso: 200 cGy       

Dose to iso/week: 50000 cGy       
   IMRT  conventional    

Energies % load % IMRT MU ratio % conv MU ratio Final MU ratio MU totals  
6x 50% 75% 3.5 25% 1 2.86 71406  

10x 50% 75% 3.0 25% 1 2.52 62969  
         
     LEAKAGE WL: 134,500 MU/week 
           
     PRIMARY W:  500 Gy m^2/wk 

 



Workload and Usage Assumptions

 
Type of Tx MU ratio 6x % 10x % 
Head/neck 4 40% 10% 
Prostate 2.5 20% 15% 

GYN 6 10% 10% 
GI 2.5 15% 50% 

Thorax 3 10% 10% 
Other 2 5% 5% 

    
 MU ratio: 3.5 3.0 

 



Use Factors

Angular distribution estimation: 
   
Gantry angle % use factor (U) Facing 

0 15% Down 
45 10% Down 
90 15% North 

135 10% North-Up 
180 15% Up 
225 10% South-Up 
270 15% South 
315 10% Down 

 



Occupancy Factors

 
Barriers Description T (occ.) 

A1 West wall (Console) 1       
A2 West entrance (Door)   1/4  
B1 South wall   1/40 
B2 South wall   1/40 
C1 East wall   1/40 
D1 North wall   1/40 
D2 North wall   1/40 
E1 Ceiling   1/40 
E2 Ceiling   1/40 
F1 2nd Floor diagonal (west) 1 

 



Secondary Location

 F1 (2nd floor diagonal) :
 - Uncontrolled area
 - Secondary scattering dominant
 - T = 1
 - dmin = 11.65 meters
 - q = 14 degrees
 - Pmax = 0.02 mSv/week
 Required shielding:
 nF1 = 2.70*cos(14°) + 0.30 (HVL) = 2.92



Primary Location
 (b) B1 (south wall primary) :
 - Uncontrolled area
 - Primary beam dominant
 - U = 15% (right lateral fraction)
 - T = 1/40 (unattended parking lot)
 - dmin = 6.50 meters
 - Pmax = 0.02 mSv/week
 Required shielding:
 nB1 = 3.35 (min) + 0.30 (HVL) = 3.65
 For aesthetic reasons, this barrier should have the same thickness 

as the concrete secondary barrier 
 tB2 = 65.6 cm.  Therefore, lead and concrete should be utilized in 

the following proportions:
 tB1 = 53.0 cm (concrete) + 12.6 cm (lead) = 65.6 cm (total)



TVL Data

leakage TVL1 (10X):  5.7* 35 11* 
leakage TVLe (10X):  5.7* 31 11* 

 
* no data provided for lead or concrete, 
therefore used TVL of primary  

 
Table 6 – First and equilibrium tenth value layers for the  

recommended construction materials. 
(From Tables B.2 and B.7, NCRP 151.) 

 



Final Layout



Final Layout



Radiation Surveys

 Ionization Chambers
 Large Volume (~600 ml)
 Usually calibrated for Cs-137; there are slight 

corrections for energy and ranges used

 Geiger Muller Counters (G-M)
 High voltage applied to gas. Initial ionization 

creates secondary irradiations that “avalanche” the 
charge.

 Much more sensitive than ion. Chamber, but events 
can be missed.



Linac Survey
 Leakage

 With jaws closed, film (XTL) is wrapped around 
housing to determine “hot spot”. An ionization 
chamber is then placed @ 1m from source to 
quantify leakage (< 0.1%) of useful beam.

 Area Survey: Performed with survey meter, and 
scatterer (phantom)
 Survey records instantaneous exposure rates. 

Workload, operating conditions, use and occupance 
factors, and field size effects; yield weekly rates.



Radiation Surveys
 Neutron Detectors

 Activation Detector
 Uses photoneutron production in moderating material. 

For example a gold foil in a polyethelyne cylinder. The 
activity generated in the gold is read by a Ge(Li) detector 
system.

 Gas Proportional Counters
 A moderated BF3 counter [10B(n,α)7Li], where the α-

particles are counted (or their ionization).

 Superheated Drop (Bubble) Counters
Neutron interacts with drop which boils forming a 

visible gas bubble. The # of bubbles =~ neutron 
dose.



In-Room Photoneutron Doses

 Produced by high energy x-ray beams from linear 
accelerators

 May constitute 40% of dose to fetus in treatment 
of pregnant women (AAPM report No. 36)

 May increase due to use of high-Z materials in 
room shielding components and beam modifiers



Neutron Detectors

 Neutrometer (Apfel, 1981) showing 32 
bubbles after exposure to approximately 6 
millirem (60 µSv). 
5 bubbles/mrem, 50 bubbles max.

 Neutron rem meter: BF3 proportional counter 
in 9” cadmium-loaded polyethylene sphere, 
operates at 1600~2000 V, and detects 
neutrons from thermal to ~10MeV.
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