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Why protons? Why now? Where?
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Proton gantries appear smilar to the patient

But thereisalot more
"behind thewall"

3 rotation

Paul Scherrer Institute (PSI), Zurich



Praldicdl Wlalal e TN yallll'y aAls | 111)

C

.

ro

o

And the strong-back to
hold 1 mm tolerancesis
formidable

M assachusetts Generd
Hospital (MGH)

|t's much harder to
bend 250 M eV protons




Fixed Beam Isocentric
Delivery System Gantries

Loma Linda (California)

- synchrotron source

- built/commissioned at Fer milab

- wor ld leading patient throughput

ncnrntpﬁn EEEITH TrﬂHEF”:lr"t it Patient suppart area, walling room, eXam roons,

aitd weeickah o immabnlization shop, social a:n'is
System . Y

M GH (Boston)

- cyclotron source (I1BA)
- 1%t patient Nov 2001 Fokey
- coming up to speed

Energy selection system: Two treatment rooms Third treatment room
degrader followed by with isocentric gantries with three horizonal bes

analyzing magnets



High and low patient throughput

— 1997
PSI, Nice,
Orsay
Harvard/ Loma Linda

Mass. General Medical Center

[

200 400 600 800
Number of patients per year

1000

LomalLindaand MGH
(hospital based facilities
lead the world in high
patient throughput

The state-of-the-art Is
also being pushed in
facilities at national labs
with [ow throughput
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PSI (Zurich) (left)

- cyclotron source
- part of a national lab

- upgradein progress
- low throughput, high tech
- new facility in progress

GSl (Darmstadt) (not shown)

- synchrotron
- national lab
- Carbon-12

- new facility at Heidelberg?



Moscow

St. Petersburg
Chiba

PS1 (72 MeV)
Dubna
Uppsala
Clatterbridge

Loma Linda, Cal.

Nice
Orsay
N.AC.

MPRIL, Indiana
UCSF - CNL, Cal.
HIMAC, Chiba

TRIUMF

PS1 (200 MeV)
GS1 Darmstadt

Betlin

NCC, Kashiwa
HARIMAC, Hyogo
INFN-LNS, Catania
NPTC - MGH, Mass.

NAC, Faule
Tsukuba
Walkasa Bay
Bratislava
1MP, Lanzhou
Shizuoka

Rinecket, Munich

Russia
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Russia
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Date

1969
1975
1979
1984
1987
1989
1989
1990
1991
1991
1993
1993
19944
1994
1995
1996
1997
1998
1998
2001
2001
2001
2001
2001
2002
2003
2003
2003
2003

Patient Total
Total

3414 June-01
1029 June-98
133 Apr-00
3360 July-00
88 May-01
236 June-00
1033 Dec-00
6174 June-01
1590 June-00
18394 Jan-01
398 June-01
34 Dec-99
284 June-00
917 June-01
57 June-00

Thelast decade has seen
much construction activity

Thereisanational program
In Japan to build proton
(and Carbon-12) facilities



The continuous upgrade path

to

precision 3-D multi-field irradiation
of canceroustumors



Traditional irradiation: PASSIVE SCATTERING

Gaussian Flattened Collimatar
fluence Nuanca U
profile
i T
15t scatterer 2nd scatter Fn___,
lead wedges UN & Carouse| T

The sole (slow) variation: beam energy -> depth
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. Pole faces
Threevariables: ook
-H & V steering o
- energy e
e
Although " simpler", Vertical
. . sweep
active scanning hasa magnet |
higher controls burden i
magnet

fast-kicker { NA3 beam line)
> sweeper magnet

Hybrid schemes are also
— beam monitor practical (PSl, |_€ft)
- 1.5 D steering
- range shifter

—» range-shifter
patient table




AClIve scanning - a mucn Improved s-D contor mal dose

Single beam... ( lateral scanning

+ scanning in depth = 3d conformed dose)

(Patient treatment demos courtesy of PSl)
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One
angle

Ultra-low level collateral

radiation with protons...

... If ultimate multi-
dimensional flexibility
can be achieved !
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Proton Driven PET



Nuclear cross sections matter, and are useful!
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A small but significant
fraction of proton
dE/dx lossisdueto
nuclear interactions

some of which generate
positron emitters
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... that decays by emitting a positron ...
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... which annihilates with an electron
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Place a PET cameraon the gantry
to observe where such nuclear
Inter actions occur

Nuclear crosssectionsvary rapidly
with energy ...

|nteresting work isalso going on
with C-12 driven PET, eg at GS|
(Parodi et al)



Includea PET cameralike
this(at BNL) in agantry
room for best possible co-
registration of tumor and
beam

Preliminary studiesare
under way at PSl (also with
Carbon-12) and at BNL



Proton Computed Tomograpy - pCT



The"pCT" collaboratior
Isforming (?)

- BNL

- LomaLinda

- UC Santa Cruz
- Stony Brook

target

First meeting/wor kshop -
Thurs/FriJan9& 10

The BAF beamline appears
to be an ideal location for
PCT R&D'!

f DE Septum Magnet



Vertex2002 pCT: Hartmut F.-W. Sadrozinski , SCIPP

Use of Proton Beam CT: Treatment Planning

X-ray CT use in Proton Cancer Therapy
can lead to large Uncertainties in
Range Uncertainties Range Determination

(measured with PTR) -
I - S

B > 10 mm
B > 15 mm

Schneider U. & Pedroni E. (1995),
“Proton radiography as a tool for

quality control in proton therapy,” Med
Phys. 22, 353.

Alderson Head Phantom



Prototype detector at PSI

['he protons go through the patient Radiograph of a phantom
Higher energy, small dose Uwe Schneider PhD thesis (PSl)

radiography therapy
Xy

atient
Xy

range
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based on scintillating fiber technology (U. Schneider et al)
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pCT: Hartmut F.-W. Sadrozinski , SCIPP

[LLow Contrast in Proton CT

p | Energy | Range | TOF
[g/lem?’] | [MeV] | [em] | [ps]
1.0 164.1 38.2 1309
1.1 163.6 38.1 1311
1.5 161.5 37.7 1317
2.0 158.9 37.2 1325
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200 MsV protons

60 keV X-rays
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Penetration depth in water [cm)]

Energy flexibility isdesirable...

... but ismitigated by the
use of a" distal bow tie"

(Satogata et al)

v
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Thevery steep slope of

transmission vs depth allows
high sensitivity with few protons...

... at especially low dose sincethe
Bragg peak isoutsidethe patient

| Incident p beam 4”

Detectol

167 MeV p beam dose deposition
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Development of Proton Beam Computed Tomography

Collaboration
Loma Linda University Medical Center — UC Santa Cruz

» Exploratory Study in Proton Radiography
— two x-y detector modules
— Crude phantom 1n front

» Theoretical Study
— GEANT4 MC simulation
— 1nfluence of MCS and range straggling
— 1mportance of angular measurements
— Optimization of energy Si Si
« Experimental Study in pCT e

— Three or four x-y Si planes
— water phantom on turntable

Si
module 1 module 2 module 3

™, Proton

“"‘~L1\ca1m
~.




Proton Energy Measurement with LET in S1

Simple 2D Silicon Strip Detector Telescope built
for Nanodosimetry (based on GLAST Design)

2 single-sided SSD

194um Pitch

400um thick

1.3us shaping time

Binary readout
Time-over-Threshold TOT
Large dynamic range

Measure particle energy via LET
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_Proton Image of Al Annulus
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Image !

Subdivide SSD area into pixels
1. Strip x strip 194um x 194um
2. 4x4strips (0.8mm x 0.8mm)

Image is average energy in pixel

| Proton Image of Al Annulus
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Vertex2002 pCT: Hartmut F.-W. Sadrozinski , SCIPP

MC: Loss of Resolution in Back

First Plane, 2cm behind Object
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MC: Use Angular Information

- 8 Effect of Angular Cut: Energy more uniform
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Historically, proton radiography
was r g ected because multiple
| scattering made blurry images

0 10 20 30 4 H
Penetration depth in water [cm)] I

200 MeV protons P

'S

Modern reconstruction algorithms
can make sharp images...

... with knowledge of incoming and
outgoing displacements and angles

Transverse displacement [mm]
(¥

0 10 20
Penetration depth in water [cm]



What should a pCT imager (on a gantry) look like --
technology choice(s) ???

- scintillating fiber ?
- Silicon strips?

-GEM? Proton imaging spectrometer
- good ener gy resolution? incident
protons sample
- e
e a-*"’"f"___,_.r
= — L
-
-

S0 51,2 834 856
Multiple planes of silicon for position,
angle, and energy measurements



Transient devices. PRAD movies
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Add magnetic lenses - but not on agantry (4 GeV to 24 GeV!
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Double cuts on multiple scattering angles (at Fourier planes)
enable crude material | D!



Proton radiograph with a multi-GeV beam (L os Alamos)
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Sub-millimeter resolution



Stillsfrom a movie of a mock " device" exploding (L os Alamos)
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Can also see combustion frontsinside gasoline engines, ramjets, ...
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The dependence of nuclear interaction length on Z also
enables crude material ID in transmission measur ements



Periodic CT = pCT + PRAD ?7?



The PRAD folk areexploring " civilian, periodic" systems:
- gasoline engines
- Jet engines

Thisisanew regimethat appearsto benefit greatly from
a hybrid approach

- higher energiesthan medical

- with magnetic lenses & spectrometers

- with proton-by-proton tracking



PRAD features, in the past:
- fast extracted beams
- transient movies (few frames, microsecond time scale)
- transmission (intensity) measur ements
- for material identification, play off
1) nuclear interaction lengths
2) multiple scattering
3) Fourier plane imaging/collimation

Periodic high energy CT movies:

- "dow" periodic systems (10,000 rpm?)

- dow extracted beam (NOT U-line, not BAF?)

- benefits from proton-by-proton tracking:
1) virtual collimators (better MCS material | D)
2) energy measurements (easier than medical!)
3) many more (unigue!) CT movie frames
4) same modeling/algorithmsas medical pCT

Watch this space -- any comments?



1)

2)

3)

4)

5)

Summary

First generation proton therapy facilitiesare" proven" technology
Second generation therapy acceleratorsarearriving in force.

For afew dollars more, put proton imaging on a gantry
a) proton driven PET: high therapy dose QA
b) proton CT-: low dose CT, treatment planning

What doesthe optimal " proton Computed Tomography"
detector look like? Silicon? GEM? Scintillationg fibers?

How to measur e proton energies accurately?

There appearsto bean exciting field in " CT movies' for periodic
mechanical systems, by hybridizing pCT and PRAD technologies!



