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Overview of Radiation TherapyOverview of Radiation Therapy

Chose the therapy
equipment/modality
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Dose distribution within patient

Analysis of dose
distribution

Identify the Target

Simulation
(virtual)

Plan & Evaluate

•Imaging to localize and diagnose disease
–High precision
–Accurate 3D geometric model of patient
–Permits accurate modeling of dose-effects

•Patient positioning (and
tracking)
–Control target and radiation
field overlap
•Radiation
–Treat diseased cells but spare
normal cells
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Probability of 
Cell Death

Dose

100%

Tumor Healthy Tissue

Protons  and γ

Why radiation worksWhy radiation works
• Difference in repair ability

between tumor and healthy cells
• Difference in damage between

tumor and health cells

• Healthy tissue tolerance
limits treatment dose

•• One method is toOne method is to
geometrically confinegeometrically confine
dose to the tumor anddose to the tumor and
minimize dose to tissuesminimize dose to tissues
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Dose in Water for a 160 MeV p beam

Depth [cm] Depth [cm]

Dose [arb. units] Dose [arb. units]

Primary Protons
Ionization (non-nuclear) Secondary Protons

Proton Scattering

Dose; Protons and Nuclear Interactions
Monte Carlo Studies  (GEANT)
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Spread Out Bragg Peak
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PROTONS MATCHED TO X-RAYS IN TARGET
REGION

excess
dose

x-rays
protons

x-rays deliver a greater
   dose outside the target

For the same dose within
the target volume

x-rays
deliver

less
skin

dose
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Example: Pediatric Tumors
– Effects on growth, organ function, cognitive

skills   and secondary tumors are  major
limitations in pediatric radiation oncology

Retinoblastoma Medulloblastoma

What’s Important here?  Range, Coverage ON target.
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Intensity Modulated Therapy

The Quest for “Conformity”“Conformity”
which is to say, for a Treatment Center

Not to be the same as the rest
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Tumor
Treated
Volume

Organ
at Risk

Target Volume

Collimator

"Classical" Non-Conformal Photon Radiation Therapy

Improving Methods of Conformation to Target
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Treated
Volume

Tumor

Organ

Target
Volume

Intensity Modulation
IMXT

Tumor

Treated
Volume

Organ

Target Volume

Collimator

"Classical" Conformation

Improving Methods of Conformation to Target
Why Intensity Modulated Radiation Therapy (IMRT) (Photons) ?
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IM protons vs. IM x-rays:  Ewing’s Sarcoma
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Proton integral dose is factor of 2 less than for x-rays

 IMXT  IMPT
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Beam Delivery

Beam Delivery

What should an FFAG be prepared to do?

Accelerator Transport Beam Shaping

“Just give me an accelerator and I’ll find a way to use it !”

“I have an accelerator can you use it for medicine?”
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What to control/measure?
Proton Beam PropertiesProton Beam Properties

Transverse
Dose
Distribution

Depth Dose
Distribution

Uniformity

Penumbra

Distal Fall-off

Range

Dose, Dose Rate

Field Size

Mod
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Longitudinal Beam Properties

“Depth Dose”
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How to “Modulate” the Range - Requirement

1. Deliver Several
different proton beam
Energies

2. Use a degrader
with the appropriate
‘weights’

3. “Ridge Filter”

Beam
Requirements
depend upon
method !
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The Shape of theThe Shape of the Bragg Bragg Peak One Peak One
depends upon the energy spreaddepends upon the energy spread

Also Range StragglingAlso Range Straggling: ∆R ~ 1.2% Range.

∆R80/20 ~ 1.3 * σ

Gottschalk

Distal
Fall-off
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A A BraggBragg Peak isn’t always a Peak! Peak isn’t always a Peak!

Therefore the range
modulation
parameters will be
much different !

Does one have a
different modulator
for every
conceivable case?

Gottschalk

Proton Beam
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Beam range: 17.19 cm
Modulation:     6.78 cm

Current ModulationCurrent Modulation
A Requirement of a Proton Therapy Accelerator

Harald Paganetti
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Modulating Proton Range
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MGH: Chen et. al.
“Range Modulator”

Modulated Beam

Range Compensator

Compensated Distal Edge



Longitudinal Properties of a
Scattered Beam affected by:

• Beam Energy
• Beam Energy Spread
• Beam Current Time Structure/Modulation

– Depends upon type of modulator
• Stuff in the Beam

• Stability of all the above

In the range of approximation of Proton
Energies < few hundred MeV, a reasonable
approximation is that the

mean Range ~ ( Incident Kinetic Energy)1.75

Therefore,  ∆R/R ~ 1.75 ∆Ek/Ek  for not quite
relativistic Particles
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Transverse Beam Properties

“Uniformity and Penumbra”
and

How to Spread the beam to match the target?
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Passive Scattering (Single and Double)

1. Spreading
Technique

2. Shaping

 a) Fixed Aperture

 b) MLCA) Source Size

B) Distance (SAD)
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Proton Therapy implementation at the NPTC
Beam Delivery with Double Scattering

gantry
“nozzle” -
can rotate
around
patient

Controls and
instrumentation
system

Scattering
System

Accelerator

Collimator
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Transverse Properties ofTransverse Properties of
a Scattered beam affected by:a Scattered beam affected by:

• Scatterers in the Beam
• Beam Size
• Energy

Gottschalk
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Dose Rate:Dose Rate:
• Beam Current AT PATIENT

• vs. Beam Current from Accelerator,
–  Efficiency of Beam Line, Scattering from Stuff

in Beam - Efficiency of Delivery System

Dose Rate (Gy/min) ≈ S(MeV/g/cm2) * i(nA) * 60 / Area (cm2)
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““PencilPencil” Beam Scanning” Beam Scanning

Discrete Spot Scanning

Raster Scanning P.S.I.

MGH Chen et. al.
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How, physically, to scan…
Two is not always better than one!

• Equal SADs

• Saves Space

• Maybe more useful in
existing systems
without specific optics
for two magnets.

IUCF:
Anferov

LBL GSI
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Scanning by Layers
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Edge Effects with Scanning Beams

Penumbra given by Beam Sigma Directly + Scattering in Patient.Penumbra given by Beam Sigma Directly + Scattering in Patient.
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Or the sharpness of the edge !Or the sharpness of the edge !

PSI: PSI: Pedroni Pedroni et. al.  Use of Gantry Optics (Spectrometeret. al.  Use of Gantry Optics (Spectrometer
Quality) to allow upstream edge Quality) to allow upstream edge collimation collimation !!



Time to deliver the beam:Time to deliver the beam:
Equipment ComfortEquipment Comfort

• Time to move the beam
• Time to change Energies

– Accelerator ?
– Other Methods?

• Time to turn beam on/off
– Accelerator? / Source?

• Time to read instrumentation
• …
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Beam Characteristics and Tolerances
for IMPT Beam Delivery
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Scan
Patterns

Alex Trofimov

IBA
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d) Nasopharynx

Choice of beam sigma:
head&neck case (TCRT-03)

Alex Trofimov

Result of Larger
than Optimal
Beam Size
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Gaussian Rectangular

2.5m Vacuum and 4.5cm of Water

18cm of Water

J. Flanz PTCOG XXVI

Comparison with Gaussian - Where is ‘small’ beam important?
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TPS beam weights were discretized (averaged) into 10-100 levels.
Doses recalculated, compared to the original plan

Intensity -- dynamic range
Treatment planning study:

original plan dose difference for 50 levels
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Estimate the effect on the dose
distribution using realistic IMPT

beam fluence maps

planned dose distr

dose difference due to fluct’s Alex Trofimov

The distribution of point dose discrepancies is shown for
the beam σ = 5 mm,  fluctuation RMS = 0.25 mm
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Dose deviation RMS and mean are reduced
with multiple layer rescanning,

treatment fractionation

Alex TrofimovFlanz - FFAG 2006Flanz - FFAG 2006



IMPT Characteristics affected by:IMPT Characteristics affected by:
• Dose Dynamic Range - 50:1
• Beam size choice and stability
• Gradient – Current change speed + Scan Acceleration (depends upon

scan speed e.g. 30Hz @ 40cm
– ~ 1/2 sigma = 2.5mm ==> 100 usec

• For a single scan, to keep the dose within 5% of
prescription,
– fluctuation in beam position should be less than 10% of the

nominal beam size (e.g. 0.5mm for 5mm);
– beam intensity 5-10%
– and size fluctuations should be < 5% of average (e.g. 0.25mm for

5mm)

• The effect on dose is reduced if treatment is delivered in multiple (Np)
“paintings” (scales as 1/sqrt(Np) )

• With energy layer scanning, dose discrepancy is reduced due to partial mutual
cancellation of contributions from different layers
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MGH - BPTC Specifications
Clinical Specifications Facility Specifications
Range In Patient 32 g/cm2 Maximum

3.5 g/cm2 Minimum
Time for Startup from
Standby

< 30min

Range Modulation Steps of <  0.5g/cm2 Time for Startup from
cold system

< 2hours

Range Adjustment Steps of <  0.1g/cm2 Time for Shutdown to
Standby

< 10min

Average Dose Rate 25cmx25cm modulated
to depth of 32 g/cm2.
Dose of 2Gy in <  1min

Time for Manual Setup
in one Room

<  1min

Spill Structure Scanning Ready Time for Automatic
Setup in one room

< 0.5min

Field Sie Fixed >  40x40cm
Gantry >  40x30cm

Availability > 95%

Dose Uniformity 2.5% Dosimeter
Reproducibility

1.5% (day)
3.0% (week)

Effective SAD > 2.5 meters Time to switch Rooms <  1min
Distal Dose Falloff < 0.1g/cm2 Time to Switch Energy

in one Room
<  2 sec

Lateral Penumbra < 2mm Radiation Levels ALARA

Time Dependence, Speed of Current Change (Scan Speed)
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What does the ‘Target’ look like?
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What does the ‘Target’ look like?What does the ‘Target’ look like?

Breathing Phantom

Static Phantom

Flanz - FFAG 2006Flanz - FFAG 2006 MGH: Chen et. al.



What to do about Target MotionWhat to do about Target Motion
•• Target Motion - What can we do about it?Target Motion - What can we do about it?
•• What kind of scanning is best?What kind of scanning is best?
• Time of motion?

– Is a 200msec window fast enough for locating a target’s edges?
– Is motion reproducible wrt respiration or body motion, or

something?

J. Flanz PTCOG XXVIFlanz - FFAG 2006Flanz - FFAG 2006
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Ultimate TrackingUltimate Tracking



Respiratory Gating
Irradiation System using
LED and PSD - NIRS, Japan ←LED→

PSD
t

t

+x

-x

-y +y
spot

Infra-red LED

LED

PSD
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Accelerators - Cyclotrons,Accelerators - Cyclotrons,
Synchrotrons and OthersSynchrotrons and Others

Bevalac 1950 - 1993

1949 - 2001
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Cyclotrons come withCyclotrons come with
Action Figures!!Action Figures!!

Watch me
Accelerate
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MIT-Bates South Hall Ring 1990MIT-Bates South Hall Ring 1990

FIGURE 4.  One extraction cycle.  Top: stored beam
current, 5 mA/div.  Bottom: beam current to the
experiment.  Increasing current is down for both traces.

K. Jacobs, et. al.

J. Flanz, et. al.
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Breath

Variable Cycle Synchrotron
Beam Available

Beam Available

Beam Available

Fixed Cycle Synchrotron

CW Cyclotron

Okay to
Deliver
Beam

Comparison of Beam Utilization for Treatment
Requiring Synchronization
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Time Structure of Beam?Time Structure of Beam?
Gating Targeting

Describe eg Organ Motion Spot Raster Instrumentation

CW (Rf) Good Good Good Good Good

10's 
msec? Okay Good Good

If time << Spot 
Size (200 usec) ????

Seconds Slower Okay Good

Marginal (depends 
on IM and Pulse 
length) Okay
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What to Consider during the Delivery of TreatmentWhat to Consider during the Delivery of Treatment

monitor all
parameters

Consider
patient motion

control
radiation

control
beam

direction
vs.

patient

All these activities need to be done
on a real-time basis, throughout
treatment

Consider
organ motion
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NPTC Equipment Areas - And Related MilestonesNPTC Equipment Areas - And Related Milestones

TR1 TR2

Cyclotron and Beam Lines

TR3

Full HCL Patient Load at NPTC - April, 2002

Nozzle

Snout (with
aperture &
bolus)

6-axis patient
positioner

Gantry 1
NPTC

First Tx- 
November, 
2001

Gantry 2 
Commissioning
Started - 
November, 2002

Cyclotron
Operational
June 1997

First Eye 
Treatment - 
April, 2002

STAR STAR - 
Winter ‘06

First OutsideFirst Outside
UserUser
Nov. 2002
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Summary: Some of What the accelerator has to doSummary: Some of What the accelerator has to do..
• General Beam Requirements

– Safety (Dose Rate, Prevent Overdose - Turn off Beam (~100 us)
– Patient Comfort - Irradiation < 1-2 minutes

• Beam Requirements (for specific clinical cases) (see previous slide for others)
– Range ~32 cm (wet); Beam Energy ~ 230 MeV - ??? MeV  Depends upon mode
– Beam Energy Spread ~ <1%
– Beam Current Time Structure/Modulation
– Depends upon type of modulator (Passive Scattering)
– Depends upon Scan Technique (Spot/Raster)
– Beam Size - For Scanning 3mm - 5mm Depending upon religion (Sharp Edges)
– Dose Dynamic Range (Beam Current + Scan Speed) 50:1
– Gradient – Current change speed + Scan Acceleration (100 us or .5 sigma??)

• Stability Parameters of all the above (e.g. for a 5mm sigma)
– Depends upon Repainting, Scan or Modulation Pattern
– Beam Size ~ ± 0.25mm (single painting)
– Beam Position ~ ± 0.5mm (single painting)

• Ability to Repaint to mitigate errors [ ] Time for a layer 2min/(5-10 repaintings)
• Time to switch Energy, (< 1sec?) For a specific

Clinical Site !
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Some Non-Beam Requirements !Some Non-Beam Requirements !
•• Sized to fit in Therapy CenterSized to fit in Therapy Center

•• Availability - 99%Availability - 99%
•• MaintainabilityMaintainability

•• CostCost
•• ThroughputThroughput
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An Assortment of AcceleratorsAn Assortment of Accelerators
• Cyclotrons

– Will Compact Cyclotron Work?
– Superconducting vs. Room Temperature?

• Synchrotrons with Injectors
– Can they be used for scanning?

• Slow, Uniform, Controlled, Extraction?
– Beam Gating?
– Dose Rate ?

• FFAG
– What are the beam properties (including time parameters)?
– What is the cost and size?

• Others
– Dielectric Wall
– Laser Acceleration
– Linacs
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End Slides
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