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– What is radiotherapy?  Why bother with hadron 
therapy?

– What can it do?
– What are the challenges?
– Overview of EMMA
– Dream machines
– Social impact of hadron therapy

Outline



  

– Radiotherapy is the process of irradiating a malignant tumor 
with ionizing radiation with the aim of damaging the DNA of the 
cancerous cells.
● X-ray therapy uses high energy photons
● Hadron therapy uses hadronic matter (usually protons or 

carbon nuclei)
– Medical linear accelerators have been around since the '40s 

and now account for 1/3 of the world's accelerators[1].

Left: X-ray therapy room at 
Cherkassy Regional Oncology 
Center, Ukraine

Right: Proton therapy room at 
Paul Scherrer Institute, 

Switzerland

What is radiotherapy?



  

– In the past 50 years, cure rates in the US have increased from 
20% in 1950 to nearly 60% in 2000[2].  (Not just X-ray therapy!)

– Treatments include X-ray therapy, surgery and chemotherapy.
– Begs the question “Why bother with hadron therapy?!”
– Let's look at the dose profile for X-rays.

– The dose delivered varies with an 
exponential decay, harming healthy 
tissue in front of and behind the 
tumor[6].  This isn't good.

– Get around this problem by rotating 
the X-ray source, rotating the 
patient, or both.

– As long as we're in the line of sight 
of the tumor we're okay!

Conventional therapy



  

Unlike photons, hadrons slow down as they pass through 
matter.  This leads to the Bragg peak[3]:

– Depth of the peak is a 
(predictable) function of 
energy

– Our simulations are 
accurate

– The cross-section 
remains small before and 
after the peak

– We must take fragments 
into account

In short, we can reliably target a given depth in the body.

The Bragg peak



  

In general, hadrons deliver a lower dose to healthy tissue:
– The modified proton 

beam is actually a 
series of Bragg peaks 
targeted at different 
depths.

– This means the overall 
dose delivered to 
healthy tissue by X-ray 
therapy may be 
competitive.

– This will depend on body shape and the size of the tumor.

Protons vs photons



  

In general, hadrons deliver a lower dose to healthy tissue:
– The modified proton 

beam is actually a 
series of Bragg peaks 
targeted at different 
depths.

– This means the overall 
dose delivered to 
healthy tissue by X-ray 
therapy may be 
competitive.

– This will depend on body shape and the size of the tumor.
From a talk online (on the feasibility of antiproton therapy):
“Only a few laboratories in the world can produce antiprotons, so treatment not 

feasible in the near future”

Protons vs photons



  

 There are advantages and disadvantages to using protons or ions (nuclei or 
ions).

– Protons have almost no tail after the Bragg peak.  (Once a proton has 
interacted it will generally not interact again.  Ions contain other nucleons so 
they can interact again.)

– Ions have a sharper Bragg peak (lower overall dose for healthy tissue.)

– Therefore we can use protons to treat a tumor close to a fragile and vital 
organ.  (Such organs include eyes, the brain, the spinal column, the kidneys 
and the reproductive organs.)

Protons vs ions

Auberger [4]



  

The cells in our body age, replicate and die.  When 
they replicate they pass on their DNA to the 
daughter cells.

The functional DNA determines what proteins a cell 
can produce.  A cell with damaged functional DNA 
will not produce viable daughter cells – this is how 
radiotherapy works!

However DNA has been subject to natural selection for about 3.5 
billion years, having to deal with cosmic rays etc.

DNA comes with two strands.  When one gets damaged the DNA 
can repair itself using the other strand.  In some cases it can even 
use DNA from the other chromosone!

Nuclei are much, much more likely than X-
rays to damage both strands of the DNA!

Nuclei are more likely to hit the target, and 
more likely to do damage.

Some high school biology
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Hadron therapy units in hospitals are larger than the X-ray 
therapy units.  The particles are accelerated in one room 
and the patient is treated in another:

Hadron therapy in hospitals

Schematic of PSI 
gantry. [12]

Proposal for 
Marburg [10]



  

Tumors are usually irradiated using spot-scanning.

The gantry targets a single spot in tumor, adjusts the energy 
and current of the beam, then irradiates the spot.

This is monitored by computer and can deliver ~10,000 spots 
in 5 minutes.

The computer can vary the dose of each spot to take the 
shape of the tumor into account.

Instead of changing the beam energy, it's often cheaper and 
easier to attenuate the beam using thin sheets of metal.

Spot scanning

PSI [12]



  

Let's see how well hadron therapy performs in the body:

This is a simulation of the dose absorbed in the esophagus, which 
is sensitive enough to warrant proton therapy.

Notice the healthy tissue not only absorbs a lower overall dose, 
but this dose is localized.

What hadron therapy can do

Auberger [4]



  

So much for simulation- how do we really see what's happening?
The 12C in the body can exchange a nucleon in an interaction to 

become 11C.

The 11C then decays via β decay, emitting a positron, which 
annihilates, giving off a pair of photons.

We can see how close we were to the target!

What hadron therapy can do

Auberger [4]



  

The 5 year survival rate is a measure of efficacy in cancer 
treatment.  Simply put, we see what proportion of people are 
still alive 5 years after the cancer is diagnosed.

It's no surprise that hadron therapy is winning the 5 year survival 
rate race:

5 year survival rate trials

Pedroni [5]



  

– In the US all facilities are proton therapy facilities:
● Loma Linda CA 1990, Boston MA 2001, Bloomington IN 2004, Houston TX 2006, 

Jacksonville FL 2006.  (Formerly ion therapy at Berekely)  

– In the rest of the world:
● Japan: Chiba 1994, Kashiwa 1998, Tsukuba 2001, Hyogo 2001, Wakasa 2002, 

Shizuoka 2003, Tsunuga
● Germany: Munich, Essen, Heidelberg, Marburg, Kiel
● Europe: Pavia Italy, Orsay France, Trento Italy, Uppsala Sweden, Vienna Austria, Lyon 

France, Paul Scherrer Institute 1984, St Petersburg Russia, Moscow Russia, Dubna 
Russia

● Elsewhere: Seoul Korea, Zibo China 2004

Facilities around the world

Auberger [4]
Pedroni [5]



  

– In the US all facilities are proton therapy facilities:
● Loma Linda CA 1990, Boston MA 2001, Bloomington IN 2004, Houston TX 2006, 

Jacksonville FL 2006.  (Formerly ion therapy at Berekely)  

– In the rest of the world:
● Japan: Chiba 1994, Kashiwa 1998, Tsukuba 2001, Hyogo 2001, Wakasa 2002, 

Shizuoka 2003, Tsunuga
● Germany: Munich, Essen, Heidelberg, Marburg, Kiel
● Europe: Pavia Italy, Orsay France, Trento Italy, Uppsala Sweden, Vienna Austria, Lyon 

France, Paul Scherrer Institute 1984, St Petersburg Russia, Moscow Russia, Dubna 
Russia

● Elsewhere: Seoul Korea, Zibo China 2004

However there are ~5,000 medical 
accelerators worldwide.  Hadron therapy is 
accounting for just 2% of these!

Facilities around the worldFacilities around the world



  

1)We need accurate, real-time patient monitoring.
● If the target moves, we can cause serious damage!

2)The machines need to be smaller and cheaper.
● This is currently motivating new developments in 

accelerator physics.
3)There are some PR issues.

● Hadron therapy is new.  What clinical trials need to be 
taken?  Do people trust hadron therapy?

● Still have X-ray therapy for most cases.

I'll address points 1) and 2).  The rest of the points are medical 
problems for medical people!

What are the challenges?



  

Remember the Bragg peak:

If we miss the target (for whatever reason) we can cause a great 
deal of damage!

This is a new challenge- it's not so much of a problem for X-rays.

Missing the target...



  

– Treatment can often last weeks or months, so we need to take 
changes in body shape into account:

● PSI treats children- fast growth rates.
● Changes in weight, fitness, lifestyle.
● Other effects- injury, pregnancy etc.

– Voluntary movements (the patients are human, after all!)
● Inform the patient, reassure them.
● Strap them down?

– Involuntary movements
● Can we predict breathing?  Diaphragm movement?
● Muscle spasms.
● Movement of fluids (changes in optical depth.)

Monitoring the patient



  

– Each time to patient comes for treatment do an MRI scan of the 
area of interest.

– Use positron emission tomography (PET) to monitor the target 
in real time.

● How can we fit the PET machinery in with the therapy 
machinery?

● Do we need helical PET scans?  (This gives a 3D view)
● How quickly can we see if things go wrong?

Monitoring the patient

[7]



  

The gantry is huge, the magnet is expensive.
The synchrotron ring could be smaller and cheaper.

Too big?  Too expensive?

GSI at Heidelburg
[10]
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One of the most expensive parts of the machine is the gantry.  It needs to be 
able to rotate a 90º bending magnet and any scanning equipment through 
180º!

Why not rotate the patient instead?  If we can tilt the patient 15º and have two 
beams separated by 60º we get full coverage and the cost decreases 
dramatically.

Change the gantry?



  

One of the most expensive parts of the machine is the gantry.  It needs to be 
able to rotate a 90º bending magnet and any scanning equipment through 
180º!

Why not rotate the patient instead?  If we can tilt the patient 15º and have two 
beams separated by 60º we get full coverage and the cost decreases 
dramatically.

Turns out this isn't feasible:
– Internal organs move too much (interactive PET scanning to the rescue?)
– Tilting can be very uncomfortable, even harmful for patients.

Change the gantry?



  

– Traditionally there are two ways to accelerate particles in a ring:
● Cyclotrons have constant B fields, but radius (R) varies.
● Synchtrotrons have constant R, but B fields vary in time.

Fixed Field Alternating Gradient (FFAG) accelerators are a 
compromise.  R varies slightly, and B varies with R.

The orbit of a scaling 
FFAG retains its shape.  
With non scaling FFAGs 
the shape varies.

Change the synchrotron?

R Barlow [9]



  

– EMMA is the Electron Machine of Many Applications, currently 
being built in Daresbury.

– It's a proof of principle machine which 
will (hopefully) demonstrate that NS-
FFAG accelerators are a feasible 
alternative to cyclotrons / 
synchrotrons.

– It will be followed by PAMELA, an 
NS-FFAG for hadronic particles.

– If it works then medical accelerators 
could be cheaper and smaller!

– EMMA will cost ~£5.3m (over 3 years) including all materials, 
construction and staff.  The radius is 2.6m.  Beam energy is 10-
20 MeV[9].

EMMA: World's first NS-FFAG

[11]



  

Emma is split into 21 cells, each having focusing and defocusing 
quadropule magnets.  (This is sometimes shortened to FODO.)

Alternate cells have RF cavities for acceleration, and there are 
cells for injection/extraction.  Quite simple really!

The layout of EMMA

R Barlow [9]



  

The phase space of a bunch of particles can be characterized by Courant-
Snyder functions: α, β.  The width of the beam is given by √β (Actually it's    
√(βε), where ε is the emittance.)

The tune is defined as:

Since the FFAG isn't scaling the values of β vary with 
each cycle, so the tune varies.

When the tune reaches a simple fraction there's a 
possibility of catastrophic beam loss!

Why?  Because the particles encounter the same 
machine imperfections each time they go round.  If 
this results in a small kick in the x direction then β

x
 

increases.  Next time round it will increase a bit 
more, and so on...

As long as the bunches don't stay close to a fractional tune for too long we 
should be okay.  Lots of work goes into looking at tunes!  Integer tunes are 
sensitive to dipole moments, ½ integer tunes to quadrupole moments etc

The tune problem

x=
1

2∫x ds

S Berg [11]



  

– How close can we get to a tune?
– How long can we stay near a tune?
– What energy ranges can we use?
– How significant are aberrations etc?
– The time of flight is parabolic wrt to beam energy- will timing 

need to be more sophisticated?
– What about PAMELA?

● Can we use one machine for many ions?
Neither EMMA nor PAMELA have been built yet, so watch this 

space for details!

Unanswered questions



  

– Looking to the future there are plans for compact, one-room 
solutions:

From Livermore National Lab:
“...the compact proton therapy system would fit in any 
major cancer center and cost about one-fifth as much as 
a full-scale machine.

Proton therapy is considered the most advanced form of 
radiation therapy available, but size and cost have limited 
the technology’s use to only six centers in the United 
States and 25 worldwide. Together, they have treated an 
estimated 40,000 patients

Conventional proton therapy facilities use cyclotrons and synchrotrons to deliver 
protons, and these large facilities can require 90,000 square feet and cost more than 
$100 million to build.

The Livermore team has overcome the size obstacle by using a dielectric wall 
accelerator technology that enables proton particles to be accelerated to an energy of 
at least 200 million electron volts within a lightweight, insulator-based structure about 
6.5 feet long.” - https://publicaffairs.llnl.gov/news/news_releases/2008/NR-08-02-01.html

Dream machines

https://publicaffairs.llnl.gov/news/news_releases/2008/NR-08-02-01.html


  

From Still River Systems:
“The system uses advanced 
superconducting material to 
greatly reduce the size of the 
cyclotron, enabling it to be 
mounted directly onto the 
gantry. This simplifies the 
proton-therapy process by 
removing the requirements for a 
separate cyclotron control room 
and a proton transport beam 
line.” 
http://medicalphysicsweb.org/cws/articl
e/opinion/32466/1/stillriv_1701

With so many groups researching new designs (and so much 
money to be made in the process) it looks like there are some 
exciting inventions ahead of us...

Dream machines



  

– Or “What does this mean outside the physics lab?”
– Curing cancer

● Obviously this is A Good Thing.
● Cancer affects 1 in 3 people.
● In Europe in the 1990s only 45% 

of people were successfully 
treated.

● It's cheap, it's immediate and it's 
tangible.

● Our population aging and cancer 
rates increase in older patients.

● This is just the latest in the 
illustrious history of medical 
physics.

Great PR for physics!

Social impacts



  

– Justification for pure physics.
● Knowledge itself (as distinct from 

discovering new facts) is a valuable 
commodity.  Without the ILC, LHC, PEP-II 
etc we will lose the knowledge that comes 
from working with accelerators.

● The physicists have not been reactive- 
Robert Wilson proposed using protons for 
therapy back in 1946.  It took until 1990 for 
this to become a reality!  (Loma Linda, LA)

● Medical physics get physicists talking to medics, engineers, 
politicians, the press...  Physicists have much to contribute 
to other fields.

Change perceptions of physicists
Justify “pure” physics

Social impacts



  

What I couldn't cover:
– Neutron therapy
– Different isotopes (12C isn't the best ion in all circumstances)
– Detailed tomography (more about PET)
– So much more!

Once you've finished at SLAC consider a future in hadron 
therapy:
“For sure a new field with new interesting job opportunities for 

young accelerator physicists and engineers”

Thanks for listening!

And finally...
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(*Unless you were schooled in Kansas between 2005 and 2007.)

Some high school biology


