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The Heidelberg Ion Therapy center
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Active Raster scanning technique
iso energy slices (IES)

Beam

Tumor volume
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Paganetti AAPM 2012
Organ at riskTumor volume

Rationale for ion therapy and range verification

Target

Healthy 
Tissues

Present
• Reduced integral dose (factor ~3)    

Future
• Reduction of safety margins          

(dose escalations; higher cure rate)
• Use of new irradiation fields           

(use of sharp distal penumbra of 
Bragg-peaks)   
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Tang et. al. Med.Phys. 2012
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How do we reduce range uncertainties?

• Increasing accuracy in range prediction

Ion radiography Ion CT

• In-vivo range verification
Prompt gamma cameras PET
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• Ion radiography and tomography:the 
idea

• Use of energetic 
ion beams prior 
to or even 
in-between the 
treatment low 
dose to the 
patient

• position of the
• Bragg peak
• depends on the
• characteristics of
• the transversed
• materials
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Detector development: Ion tomography

Rinaldi et al., PMB 58 (2013), 413, Highlights of 2013
Rinaldi et al., PMB (2014a,2014b), submitted  

• 61 PPIC 30x30 cm2
• 3mm PMMA absorber slabs

• 2 Modules of I3200 Thirty two-channel Electrometer+A500 Real Time Controller
• Active scanning beam delivery system
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Ion radiography and tomography
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Rinaldi et al., PMB (2014b), submitted

 

 

 The tail region of the depth-dose curve is a complex mix of particles; its RBE is 
important in predicting the response of tissue beyond the Bragg peak where critical structures 
might be found. Tail doses are typically one tenth of the dose in the proximal peak, and 
biological measurements in the tail region are difficult due to the large dose need at the 
proximal peak in order to measure reliably cell responses in the tail. Measurements of dose-
averaged LET in this region are simpler to make, but not very straightforward in predicting 
the biological effects. 

8. Verification of Treatment planning and Delivery Using Radioactive Beams 

 Treatment plans and delivery usually rely on xCT data, where the CT numbers are 
calibrated for ion beam stopping power in various types of tissues (Fig. 11) [34]. Such 
treatment plans could render errors as large as ±5 mm in a 10 cm range [35]. For ion-beam 
treatment, the penalty paid for a small range inaccuracy is much more severe than for photon 
treatment as schematically illustrated in Fig. 12. By substituting a radioactive beam to deliver 
a “treatment” according to a therapy plan, and imaging the actual treatment volume, the 
conformation of the delivered dose with the target volume can be verified [36, 37]. 

 

FIG. 11. Conversion of the CT numbers of tissues to water-equivalent path lengths for ion 
beam treatment planning. 

 When a stable nucleus of an ion beam collides with a nucleus of the target material, 
the two nuclei knock off pieces (nucleons) of one another in peripheral collisions. Projectile 
ions may emerge, with one or two neutrons knocked out, with approximately the same 
velocity.  The radioactive secondaries can be separated from the primary ion beam by 
magnetic momentum analysis and collected, and transported from the production target to the 
treatment room, and into the patient’s body. Production and collection of radioactive beams 
such as 19Ne produced form 20Ne and 11C and 10C from 12C have been investigated at LBNL 
[38]. The most interesting isotope is 10C (positron emitter, 19 second half life) as it is suitable 
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12C 375.32 MeV/u

Ion radiography and tomography
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F igure 2. Sketch of the data acquisition technique with the most important

parameters: x and y position of the raster scan, the Next Point Trigger and the

digitized signal detected by the IC stack. The Next Point trigger only changes status

(i.e., transition from low to high and/or vice versa) when the raster point is completed

and the next one is applied.

For this purpose, two I3200 Thirty-Two Channel Digital Electrometers§,
synchronized and bu↵ered by an A500 module as real-time controller, were chosen as
read-out electronics. The electrometer system (Gordon 2010) is intended to measure
64 low-current signals in synchronization in the dynamic range of 1 pA to 50 µA per
channel. Thecharge integration period can in principlebevaried in the rangeof 20µs
to65s, which isnecessary toaccommodatefor di↵erent signal levelsand timeresolution
requirements. All analog circuitry, digitization, and communication of measured data
toahost computer systemis integrated in thesystem. Flexibletriggeringoptionsallow
variousdataacquisition sequencestobeinitiatedby external synchronization signals. A
host softwaresystemis included. To turn theincomingcurrent signal into readings, the
I3200usesamethodcalledgated integration. In fact, each singlechannel of theI3200at
somepoint in timestarts integratingthedetector current on acapacitor. Thecapacitor
charges up and an increasing voltage, therefore, appears across it. The integrating
capacitor is of 10pF, yieldinga conversion factor of 0.1mV/ fC. Measuring this voltage
with an analog-to-digital converter (ADC) gives the charge on the capacitor at the
time of conversion. The increase in charge over a known time interval is determined
by measuring the voltage at the beginning and the end of the interval. In this way,
theaverage current during that time interval, called integration period (tIP ), is known

§ Pyramid Technical Consultants, Lexington, USA. Models A500 I3200 PS455 (http: / / www. ptcusa.
com).

0
5 10 ms

Pulse width
100  μs

RP 1 RP 3 RP 7 RP 9 RP 11 RP 13 RP 15

Ion radiography and tomography
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F igure 3. Relative beam intensity measured by an IC in the BAMS as a function

of time to show the typical fluctuations of the beam current for a synchrotron slow

extraction for a time resolution of 50 ms. The beam intensities at HIT can vary by

up to 30%, causing tR P to vary accordingly, while the number of particles delivered

in a raster point, i.e., the particle fluence, is constantly checked by the BAMS with a
tolerance of 5%.

F igure 4. Sketch of the di↵erent time intervals of the electronics relative to the Next
Point trigger.

a reasonable choice. This would result in a live time proportion of about 0.4 for the
currently used electronics.

However, since the experiments had to be performed within the limited available
beam time, reliable acquisition of data for all raster positions prescribed by the
irradiation plan was crucial. To guarantee this, a very conservative margin time of

The beam resides at a given raster point (RP) for a certain time and then slews to 
the next one. The residence time at a given raster point (tRP ) is not known in 
advance and can vary depending on the number of particles delivered in a raster 
point (NRP ) and the beam intensity (I). In fact, tRP = NRP/I

Typical RP duration is 0.8 to 1.0 ms
but they will be as short as 100 μs

Intensity fluctuations of 30%

To reduce the dose delivered to the 
patient we have to reduce the NRP

Ion radiography and tomography
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Old                       2 Modules of I3200 Thirty two-channel Electrometer
                                                              +
                                          A500 Real Time Controller

New                       I128 Ionization Chamber Controller

We confirmed that the unit could acquire 50000 contiguous readings at 120 μsec 
integration without buffer overflow, provided that the host rate was increased from 
20 to 200 Hz.

Recommendations for the I128 
The most valuable single change will be to introduce an adaptive integration mode, 
where integrations are numerically averaged while the “beam on spot” gate is high, 
and only the final average is put in the buffer. This should give improved signal to 
noise without the need for post-processing, and will considerably increase the 
number of spots that can be acquired without overflowing the buffer. 

Ion radiography and tomography



15Ilaria Rinaldi13.03.2014

Bortfeldt, Rinaldi et al., PMB (2014), in preparation  
 

• Improvement of the spatial resolution
• Position sensitive detectors
• Integration in clinical workflow and facilities

Ion radiography and tomography
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Ion radiography and tomography

- Micromegas doublet
with 6.4×6.4 cm2 active area and 
128 readout strips per layer
- resistive strip Micromegas
with two perpendicular strip planes 
are read out using APV25 front-end 
boards, interfaced by
the Scalable Readout System
- trigger on scattered particles,
creating coincident hits in 
two scintillators.
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Ion radiography and tomography
Measurements with:
- protons with energies between 48 MeV/u and 221 MeV/u and
particle rates of 80 MHz to 9 GHz
- carbon ions with energies between 88 MeV/u and 430 MeV/u
particle rates of 2 MHz to 80 MHz
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• Target 
fragment

•                

Projectile

Target

Projectile Fragments

Fireball

Nucleons 
and 
clusters

Prompt gamma  

Prompt gamma based range verification

• TOF 
background 
discriminatio
n • BP 

position

• BP 
position

• BP 
position

75, 95 MeV/u 12C ions on PMMA 160 MeV protons on PMMA

ENVISION collaboration: Dauvergne et al (IPNL Lyon), Prieels et al (IBA)
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How to measure prompt gamma

Ray (IPN Lyon)

Ray (IPN Lyon)

Collimated camera
       single and multislit

Compton camera
     electronic collimation

Common device: Hodoscope

Hardware
- array of scintillating 
fibres (1x1 mm2)
- 2 prototypes: 2x32 and 
 2x128 fibres
- time resolution ≤ 1 ns
- goal: count rates up to 
 108 1/s

Electronics
- development of ASIC
- new version with DLL 
  ⇒ timing

IPN Lyon
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Test measurements: HIT with carbon ions

Single rates
- silicon detector: 2.5 · 10−4 cts/ion (scaler, thres. 350 keV)
- absorber: 4.5 · 10−3 cts/ion (scaler, thresh 180 keV)
Coincidence rates
- all events: 2.6 · 10−5 cts/ion (scaler)
- uncharged: 2.9 · 10−6 cts/ion (software cuts)
Extrapolation to prototype dimensions
- silicon det.: 1.4 · 10−2 cts/ion single 
- absorber: 6.6 · 10−2 cts/ion single

IPN Lyon
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Test measurements: HIT with protons

Single rates 
- silicon detector: 8.9 · 10−6 cts/ion (scaler, thres. 350 keV) 
- absorber: 4.3 · 10−4 cts/ion (scaler, thresh 180 keV) 
Coincidence rates 
- all events: 1.7 · 10−7 cts/ion (scaler) 
- uncharged: 9.2 · 10−8 cts/ion (software cuts) 
Extrapolation to prototype dimensions 
- silicon det.: 5 · 10−4 cts/ion single 
- absorber: 6.3 · 10−3 cts/ion single 
For proton therapy conditions (1010 p/s) 
absorber needs to be segmented IPN Lyon
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Thank you
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