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WPE is located within the Campus ofWPE is located within the Campus of
UniversitUniversitäätsklinikumtsklinikum EssenEssen

Surrounded bySurrounded by

KindergartenKindergarten Nurses HostelNurses Hostel Guest HouseGuest House MensaMensa
Institute Complex (UniversitInstitute Complex (Universitäät t DuisburgDuisburg--Essen)Essen)

GurgaGurga National ParkNational ParkStrahlentherapieStrahlentherapie//TumorforschungTumorforschung-- UK EssenUK Essen

Hence, an Adequate Radiological Safety becomes MandatoryHence, an Adequate Radiological Safety becomes Mandatory
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Principle of Proton TherapyPrinciple of Proton Therapy
Highly localised energy delivery of protons Highly localised energy delivery of protons 
in the tumour surrounded by healthy tissue.in the tumour surrounded by healthy tissue.

Large dose sparing in healthy tissue region. Large dose sparing in healthy tissue region. 

On the other hand, conventional highOn the other hand, conventional high--
energy Xenergy X--rays delivers the major share of rays delivers the major share of 
radiation dose outside the tumour volume.radiation dose outside the tumour volume.

Example:Example:
Radiotherapy of Brain Radiotherapy of Brain 
Stem Tumour  (Stem Tumour  (A. J. A. J. 
Lomax et al. RadioLomax et al. Radio--
therapy and Oncology therapy and Oncology 
51(1999) 25751(1999) 257--271271))

Conventional Photons: No dose sparing Conventional Photons: No dose sparing atat brain stem (red zone)brain stem (red zone)
Intensity Modulated Photons (IMRT): 50Intensity Modulated Photons (IMRT): 50--60% dose sparing (yellow zone)60% dose sparing (yellow zone)
Proton Therapy: 0Proton Therapy: 0--30% dose sparing (grey zone)  30% dose sparing (grey zone)  
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Architectural Concept of the WPE FacilityArchitectural Concept of the WPE Facility

230 MeV Proton Cyclotron, Diagnostic & Imaging Facilities (CT/MR230 MeV Proton Cyclotron, Diagnostic & Imaging Facilities (CT/MRI) and I) and 
Treatment (Gantry) rooms are located underground (Treatment (Gantry) rooms are located underground (--1 level).1 level).

Patient reception, Employees offices, Workshops and Health PhysiPatient reception, Employees offices, Workshops and Health Physics cs 
Laboratory  are located at Ground Floor (0 level).Laboratory  are located at Ground Floor (0 level).

IT Station and Storage Rooms are located at First Floor (+1 leveIT Station and Storage Rooms are located at First Floor (+1 level).l).
Climate & Ventilation Facilities are located at Second Floor (+2Climate & Ventilation Facilities are located at Second Floor (+2 level).level).
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The Skeletal Perspective of the WPE Cyclotron The Skeletal Perspective of the WPE Cyclotron 
and Tumour Irradiation Facilities and Tumour Irradiation Facilities 

Overall Length of the Facility: approx. 120 mOverall Length of the Facility: approx. 120 m
Maximum Diameter of the Rotating Gantry: 7 mMaximum Diameter of the Rotating Gantry: 7 m

Weight of the Rotating Gantry: approx. 100 TonneWeight of the Rotating Gantry: approx. 100 Tonne
Maximum Permissible Deformation: 0.5 mmMaximum Permissible Deformation: 0.5 mm
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The The IsocentricIsocentric GantryGantry

One of the three One of the three IsocentricIsocentric Gantries Gantries 
located at WPE Treatment Rooms. located at WPE Treatment Rooms. 

A computer simulated drawing A computer simulated drawing 
showing the Nozzle and Robotic showing the Nozzle and Robotic 

Patient Positioning Set up. Patient Positioning Set up. 
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Validation of the Shielding Efficacy of the WPE Treatment Rooms Validation of the Shielding Efficacy of the WPE Treatment Rooms 
housing Proton Irradiation Gantries. housing Proton Irradiation Gantries. 

In this Shielding Calculation we have used the well proven  In this Shielding Calculation we have used the well proven  
Deterministic Moyer Model  Deterministic Moyer Model  

The Source Terms for this Shielding Calculation were derived froThe Source Terms for this Shielding Calculation were derived from m 
Experiments carried out under Clinical Conditions at PSI as wellExperiments carried out under Clinical Conditions at PSI as well as as 
FLUKA SimulationsFLUKA Simulations

Results Results to beto be confirmed by confirmed by §§5 and 5 and §§46 of German46 of German StrSchVStrSchV

Motivation and Goal of this TalkMotivation and Goal of this Talk
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IntroductionIntroduction

Footprint of the WPE Treatment Rooms and 230 MeV Proton CyclotroFootprint of the WPE Treatment Rooms and 230 MeV Proton Cyclotronn

All All fourfour Treatment RoomsTreatment Rooms havehave basicallybasically thethe samesame physicalphysical dimensionsdimensions

Therapeutic Proton beam delivered to one treatment room at a timTherapeutic Proton beam delivered to one treatment room at a time e 

We have considered Treatment Room #3 for this Shielding CalculatWe have considered Treatment Room #3 for this Shielding Calculation ion 

Neutron Source (Neutron Source (circlecircle) and Dose Calculation Points () and Dose Calculation Points (rectanglerectangle) are indicated  ) are indicated  
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Neutron Source TermNeutron Source Term
Neutron Dose Equivalent at Target => Shielding Calculation KerneNeutron Dose Equivalent at Target => Shielding Calculation Kernel l 

Proton Irradiation Experiment at under Clinical Condition Proton Irradiation Experiment at under Clinical Condition 
(Collaboration with PSI Switzerland)(Collaboration with PSI Switzerland)

177 MeV Pencil Beam Stopped in Water Target177 MeV Pencil Beam Stopped in Water Target

Neutron Dose Equivalent (DE) evaluated at different angles Neutron Dose Equivalent (DE) evaluated at different angles 
using a LB 6411 Neutron  Rem Counterusing a LB 6411 Neutron  Rem Counter

Neutron DE at 1m measured at 0Neutron DE at 1m measured at 0oo, 30, 30oo, 90, 90oo and 120and 120oo are are 
presented below: (a) standard LB 6411 Rem Counter, (b) presented below: (a) standard LB 6411 Rem Counter, (b) 
corrected (x 1.4) corresponding to an extended range Rem corrected (x 1.4) corresponding to an extended range Rem 
Counter, (c) Extrapolated to 180Counter, (c) Extrapolated to 180oo (reverse direction) (reverse direction) 

Source Terms calculated to be: Source Terms calculated to be: 
9090ooHH00 = 7.25 mSv.h= 7.25 mSv.h--11..nAnA--11

(Lateral Direction)(Lateral Direction)

180180ooHH00 = 6.24 mSv.h= 6.24 mSv.h--11..nAnA--11

(Reverse Direction)(Reverse Direction)
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Notes on HighNotes on High--Energy Neutron Rem CountersEnergy Neutron Rem Counters

At higher (EAt higher (Enn > 10 MeV) neutron energies > 10 MeV) neutron energies ““Standard Rem CountersStandard Rem Counters”” (i.e. LB 6411 or (i.e. LB 6411 or 
NM 500) under response relative to NM 500) under response relative to ““Extended Range Rem CounterExtended Range Rem Counter”” ( Wendi( Wendi--2).  2).  

At WPE high energy neutrons prevail. Hence, for Radiation MeasurAt WPE high energy neutrons prevail. Hence, for Radiation Measurement and ement and 
Dosimetry the usage of Extended Range Rem Counter (WendiDosimetry the usage of Extended Range Rem Counter (Wendi--2) becomes mandatory.2) becomes mandatory.
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FLUKA Simulation of Neutron Source TermFLUKA Simulation of Neutron Source Term

Irradiation Set upIrradiation Set up

FLUKA ModelFLUKA Model

FLUKA Simulated Secondary Neutron Spectra (Source Term)FLUKA Simulated Secondary Neutron Spectra (Source Term)

EEpp = 230 MeV= 230 MeV
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The Moyer Model for Shielding Calculation
Following CriteriaFollowing Criteria to beto be fulfilledfulfilled

Sufficiently thick shielding ( d > 1m)Sufficiently thick shielding ( d > 1m)

Point size radiation source (neutron Point size radiation source (neutron 
producing Tproducing Targetarget))

LLargearge TTargetarget to to RReferenceeference point distance point distance 
( r >> d)( r >> d)

Valid only for Neutron ShieldingValid only for Neutron Shielding

Neutron Dose Equivalent at Reference Point is given as Neutron Dose Equivalent at Reference Point is given as 

(1) Lateral Direction(1) Lateral Direction

H = H = 9090ooHH00(r/(r/sinsinφφ))--22 exp(exp(--d/d/λλsinsinφφ))

or, H/or, H/9090ooHH00 = (r/= (r/sinsinφφ))--22 exp(exp(--d/d/λλsinsinφφ)     )     

(2) Reverse Direction(2) Reverse Direction

H = H = 180180ooHH00(r)(r)--22 exp(exp(--d/d/λλ))

or, H/or, H/180180ooHH00 = (r/)= (r/)--22 exp(exp(--d/d/λλ))

H/H/9090ooHH00 and H/and H/180180ooHH00 are the Neutron Transmission Factors (Shielding Efficacy)are the Neutron Transmission Factors (Shielding Efficacy)

λλ = Neutron Attenuation Length in Concrete (SLAC PUB 130339= Neutron Attenuation Length in Concrete (SLAC PUB 130339
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Shielding Calculation (i)Shielding Calculation (i)

Footprint of Treatment Room #3Footprint of Treatment Room #3 Path Lengths Path Lengths ““r/r/sinsinφφ”” and and ““d/d/sinsinφφ””

Shielding Efficacy at reference points A, B, C, D and EShielding Efficacy at reference points A, B, C, D and Edd given as:given as:

H/H/9090ooHH00 = (r/= (r/sinsinφφ))--22 exp(exp(--d/d/λλsinsinφφ) ; ) ; Results are presented in TABLE 1 Results are presented in TABLE 1 

Neutrons transmitted along the 3 legged maze (Neutrons transmitted along the 3 legged maze (EmEm) ) heveheve been been 
calculated (next section)calculated (next section)
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Shielding Calculation (ii)Shielding Calculation (ii)
Neutron Attenuation through the MazeNeutron Attenuation through the Maze

Dimensions of the 2.6 m high maze.Dimensions of the 2.6 m high maze. EEmm and Sand Smm represent the represent the 
reference point and virtual radiation source respectively.  reference point and virtual radiation source respectively.  

1st Leg:1st Leg: HH11/H/H00 = 0.98 exp(= 0.98 exp(--0.80r0.80r11//√√A) + 0.2A) + 0.2

2nd Leg:2nd Leg: HH22/H/H00 = 0.74 exp(= 0.74 exp(--10r10r22//√√A) + A) + 0.21 exp(0.21 exp(--1.6r1.6r22//√√A) + A) + 0.05 exp(0.05 exp(--0.54r0.54r22//√√A) A) 

3rd Leg:3rd Leg: HH33/H/H00 = 0.81 exp(= 0.81 exp(--3.8r3.8r33//√√A) + A) + 0.19 exp(0.19 exp(--0.70r3/0.70r3/√√A)A)

rr11, r, r22 and rand r33 represent the length of maze legs and A the cross section area.represent the length of maze legs and A the cross section area.

Results are presented in TABLE 2Results are presented in TABLE 2
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Shielding Calculation (iii) Shielding Calculation (iii) 

Vertical Cross Section of Treatment Room #3Vertical Cross Section of Treatment Room #3

Neutron Dose Equivalent at Roof Neutron Dose Equivalent at Roof 

H/H/180180ooHH00 = (r)= (r)--22 exp(exp(--d/d/λλ) ; r = 11.17m and d = 2.44m  ) ; r = 11.17m and d = 2.44m  

Shielding Efficacy at reference point R (opposite toShielding Efficacy at reference point R (opposite to IsocenterIsocenter) is given as ) is given as 

Results are presented in TABLE 1Results are presented in TABLE 1
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ResultsResults

Table 1:Table 1: Neutron path lengths Neutron path lengths ““r/r/sinsinφφ””, effective shield thickness , effective shield thickness ““d/d/sinsinφφ”” and and 
neutron transmission factor neutron transmission factor ““H/HH/H00”” evaluated using Moyer Model. Neutron transevaluated using Moyer Model. Neutron trans--
mission factor at maze entrance is composed of direct component mission factor at maze entrance is composed of direct component ““EEdd”” and and 
transmitted (maze) component transmitted (maze) component ““EEmm”” (s. Table 2). (s. Table 2). 

Table 2:Table 2: Showing the reference points along the maze, length of maze legShowing the reference points along the maze, length of maze leg and the and the 
corresponding neutron transmission factor.  corresponding neutron transmission factor.  
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Worst Case Exposure ScenarioWorst Case Exposure Scenario

A 10 A 10 nAnA pencil proton beam (Epencil proton beam (EPP = 177 MeV) completely stopped in a water target= 177 MeV) completely stopped in a water target

Table 3Table 3: Transmitted neutron Dose Equivalent Rate (worst case scenario): Transmitted neutron Dose Equivalent Rate (worst case scenario) at selected at selected 
reference points (Treatment Room #3) evaluated using Moyer Modelreference points (Treatment Room #3) evaluated using Moyer Model. Results were . Results were 
compared to the permissible Neutron DE to public according to compared to the permissible Neutron DE to public according to §§46 of German46 of German StrSchVStrSchV
(H/(H/HHStrSchVStrSchV) and presented in Column 4.  ) and presented in Column 4.  

§§46 of46 of StrSchVStrSchV: Permissible Dose to Public is 1.0 mSv in 2000 hours per Year.: Permissible Dose to Public is 1.0 mSv in 2000 hours per Year.
This corresponds to a Dose Equivalent rate ofThis corresponds to a Dose Equivalent rate of HHStrSchVStrSchV = 0.5 = 0.5 µµSv.hSv.h--11

Transmitted neutron DE rate (shielding efficacy) is compared to Transmitted neutron DE rate (shielding efficacy) is compared to permissible DE permissible DE 
rate according to rate according to §§46 of46 of StrSchVStrSchV ((TABLE 3TABLE 3).  ).  
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Conclusions and Recommendations Conclusions and Recommendations 
We have validated the existing radiation shielding of the WPE TrWe have validated the existing radiation shielding of the WPE Treatment eatment 
Rooms for 177 MeV protons using Deterministic Moyer Model.Rooms for 177 MeV protons using Deterministic Moyer Model.

Highly conservative operational scenarios have been taken into aHighly conservative operational scenarios have been taken into account.ccount.

FLUKA simulations have been carried out for shielding calculatioFLUKA simulations have been carried out for shielding calculation at the n at the 
highest proton energy (230 MeV).   highest proton energy (230 MeV).   

Experiments will be carried out at clinical environment at our fExperiments will be carried out at clinical environment at our facility to acility to 
confirm the FLUKA results shortly. confirm the FLUKA results shortly. 

These calculations confirm  the adequacy of the existing radiatiThese calculations confirm  the adequacy of the existing radiation shielding, on shielding, 
applicable to locations outside the  WPE treatment rooms and rooapplicable to locations outside the  WPE treatment rooms and roof.f.

Recent activities of our group are highlighted in the APPENDIXRecent activities of our group are highlighted in the APPENDIX

We have developed a composite material of high attenuation capabWe have developed a composite material of high attenuation capability for ility for 
fast neutron shielding at future particle therapy facilities. fast neutron shielding at future particle therapy facilities. 
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APPENDIXAPPENDIX
European Cyclotron Progress Meeting (ECPM XXXVII)European Cyclotron Progress Meeting (ECPM XXXVII)

GroningenGroningen, The Netherlands, 28, The Netherlands, 28--31 October 200931 October 2009
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