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Particle beam therapy treatment with protons and light ions provides 
significant improvements over conventional X-ray radiotherapy due to the 
Bragg peak. However, the improved dose conformity of particle therapy 
requires a corresponding improvement in the accuracy of dose delivery to 
prevent underdosing of the tumour and overdosing of the surrounding healthy 
tissue. 
In vivo measurements of dose delivery have proved challenging: real-time 
systems for measuring delivered dose have yet to be realised. One possibility 
for ion therapy systems is through Helium-Carbon mixing. By diluting the 
Carbon treatment beam with a small quantity of Helium ions and accelerating 
to the same energy per nucleon, a diagnostic signal can be obtained: with a 
negligible increase to the delivered dose, the Helium beam exits the patient, 
providing diagnostic information on the tissue being treated and thereby 
providing real-time information on the position and range accuracy of the 
delivered dose. 
This talk describes the background to ion beam therapy and gives insight into 
experiments carried out to realise clinical Helium-Carbon mixing. The 
challenges for future systems are also discussed.

Abstract



The Bragg Peak
3

IPAC'21 — THXC02

• Charged particles deliver more conformal dose due to Bragg peak: dose peak and 
end-of-range.

• Heavier particles (He, C, O) have even tighter Bragg peak than protons: better know 
where they stop…
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Non Small Cell Lung Cancer
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(19.8% mean absolute improvement in V5, 27% mean abso-
lute improvement in contralateral lung V5), heart (14.2%
mean absolute improvement in heart V40), esophagus
(6.8% mean absolute improvement in esophageal V55),

and spinal cord (9.5 Gy mean absolute improvement in spinal
cord maximal dose) than IMRT did (Table 1).

More importantly, IMPT allowed radiation dose escalation
from 63 Gy up to 83.5 Gy, with a mean MTD of 74 Gy in this

Fig. 2. Comparison between IMRT and IMPT_MTD. (A) Dose distributions for the IMRT plan at 63 Gy (left) and
IMPT_MTD plan at the MTD of 80 Gy (right). Each line delineates the PTV. Of note is that the esophagus was overlapped
by the CTV and PTV for this patient, whereas the IMPT_MTD plan was able to reduce the esophageal dose to less than 80
Gy. (B) DVHs for the IMRT plan (squares) and IMPT_MTD plan (triangles). Ips., ipsilateral; Con., contralateral.

Reduced dose and individualized radical RT by IMPT d X. ZHANG et al. 361

IMRT PBT

Zhang X, Li Y, Pan X, et al. Int J Radiat Oncol Biol Phys. 2009;77(2):357-366



Range Uncertainty
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Range uncertainty - a major issue
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• Range uncertainty is a major 
issue!

• With tighter conformal dose, 
how do we make sure that the 
dose goes where we want it?
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Online Range Monitoring
• How do you know where 

you’re delivering the 
dose?

• Two main areas under 
study for protons:
– Prompt gamma (PG).
– PET emission.

• Both have drawbacks:
– Intensity of signal.
– Dose-signal correlation.

• What can we do with 
ions?

1068 M Moteabbed et al

Figure 1. Top left: dose, top right: PG, bottom left: PET without washout, and bottom right: PET
with washout overlaid on the CT image for patient 1 (head and neck—broad beam). The counts are
per dose to water. The red line shows an example profile along the beam direction (not necessarily
corresponding to figure 2).

3. Results and discussion

3.1. Case studies

3.1.1. Patient 1. The first patient was a head and neck case, with adenoid cystic carcinoma
malignancy. A single right-posterior field was examined that delivered a total dose of 22 Gy.
The range and modulation were 125 and 100.4 mm, respectively. The CT grid had 512 × 512 ×
76 voxels of 0.781 × 0.781 × 2.5 mm3 dimensions each. The dose grid had 85 × 128 ×
61 voxels of 2 × 2 × 2.5 mm3 dimensions (standard voxel size in a planning system). The
number of protons simulated was about 1.35 × 1010 at the entrance of the nozzle, 5 × 108 of
which arrived at the CT volume.

Due to the high levels of heterogeneity (i.e. air-bone interfaces), the PG and PET
distributions displayed large fluctuations as anticipated. The dose distribution for a particular
slice in transverse view is compared to the PG and PET images with and without washout
corrections in figure 1. As expected, more PG and PET isotopes were created in high-density
tissues such as the skull. Because the dose distribution partially ranged out within the nasal and
oral cavities, both distributions exhibited small gamma production (<100 gammas cGy−1) that
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Moteabbed et al, Phys. Med. Biol. 56 (2011) 
1063 Doi: 10.1088/0031-9155/56/4/012



Mixed He-C Beams
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• Fully ionized Helium and Carbon – (nearly) same mass:charge ratio (difference of 
0.065%)

• Simultaneous acceleration to same velocity - range of 4He2+ ≈ 3 x range of 12C6+
GSI Helmholtzzentrum für Schwerionenforschung GmbH

A mixed He-C beam

� Fully ionized Helium and Carbon – (nearly) same mass:charge ratio
� Can be accelerated to same velocity - range of 4He2+ ≈ 3 x range of 12C6+
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Measuring a Mixed Beam

GSI Helmholtzzentrum für Schwerionenforschung GmbH

Image-guided particle therapy

Beam‘ eye view
dose profile
(next slide)
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• Carbon beam stops in 
tumour.

• Helium beam exits patient: 
measured in detector.



Carbon and Helium Doses

• Dilute Carbon beam 
with 10% Helium: only 
0.5% additional dose.

• Helium Bragg peak gives 
measurable signal in 
residual detector.

• Carbon ion 
fragmentation still 
measurable: need to 
subtract from Helium 
signal.
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Simulation



Experiments at HIT
• Experiments at HIT QA cave 

(2019).
• Deliver Helium and Carbon 

beams separately to 
detector and sum 
contributions.

• Measure residual range with 
UCL scintillator range 
telescope:
– 12 cm stack of thin 2-3 mm 

scintillation sheets 
– Read out by flat panel CMOS 

sensor
• Setup simulated in Geant4.
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• UCL range telescope at HIT

Mylar foil

Polystyrene sheets

CMOS sensor

Nozzle Detector



Simple PMMA Setup
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• 12C: 219.19 MeV/u (~10cm range), 4He: 220.5 MeV/u (~30cm range)
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PMMA Phantom Results
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Experiment Simulation

Residual water eq. Residual water eq.



Scanned PMMA Phantom
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• PMMA degrader (WET ≈ 21.9 cm) 

• 2mm PMMA slab covering half the field at ~5cm depth

• 10x10 spots scanned (3mm spacing), ~3x106 p/spot, E=210MeV/u, 10 mm FWHM
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Anthropomorphic Phatnom
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Beams eye view

Bladder Prostate

Rectum + balloon

0 ml30 ml45 ml60 ml

Residual water eq.



Can We Make Mixed Beams?
• Yes! Actually produced by 

accident…
• Horst et al observed 

contamination of He beam 
with C, N and O.
– Phys. Med. Biol. 66 (2021) 

095009 
– Doi: 10.1088/1361-

6560/abef88 
• The challenge is to produce 

the right ions in the right 
quantities…

• Only possible with 
synchrotrons: degrader in 
cyclotrons changes E/v ratio.

27/05/21IPAC'21 — THXC02
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Ion Sources: Mixed Ions
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• Carbon production already
mixes Carbon and Helium:
– Carbon extracted from CO2.
– Helium used as support gas.

• Cannot use fully stripped 
ions with A/q = 2: yield too 
low. 

• A/q = 4 possible: 
– 12C3+ and 4He+.
– Same rigidity with suitable 

yield.
– Issues with 16O4+ 

contamination.

27/05/21

pipe cap !Fig. 5" after 3 months of operation. It was worn out
to a point of not allowing stable operation of the source. The
bias pipe was replaced by a water-cooled design with a much
higher durability !approximately 6–7 months"

The operation parameters for a stable carbon 4+ beam
with 200 e !A !"3% " are about 200 W of rf power and a
gas pressure of 2.7#105 mbars. The main gas is CO2 and
the support gas is 4He. However, 4–5 h are necessary to find
a stable operation point for carbon beam. The other ion spe-
cies do not require so much time !30 min for He and H,
60 min for O" !see Fig. 6".

To reduce the time needed for stable carbon beam. The
ion source was operated with 85 W and an output of
130 e !A. It is planned to use acetylene !C2H2" as the main
gas in the near future which is expected to resolve this
problem.11

LEBT

The LEBT !Fig. 2" at the HIT facility is designed for
8 keV /u. There are two identical beam lines, both ending in
one switching magnet. Therefore, a fast change between two
different ion species is possible.

Additional measurements to achieve settings for differ-
ent ion beams took place in August 2007. For this purpose, a
versatile beam diagnostics test bench has been designed and
installed behind the LEBT !Fig. 7". It consists of an ac beam
transformer, a profile grid, a slit-grid emittance measurement
device, and an end cup.

Behind the solenoid magnet !SOL1" following each
ECR ion source, a tantalum screen is used to monitor the
beam !Fig. 8".

Behind this screen, a quadrupole singulet is located to
match the following spectrometer magnet and to achieve an
optimized resolution. A typical spectrum of an ECR carbon
beam for operation is shown in Fig. 6.

After selecting the desired ion species with the slits fol-

FIG. 3. Original extraction system !left" and the redesign !right".

FIG. 4. !Color online" The 14.5 GHz high-performance permanent magnet
ECR ion source !ECRIS" SUPERNANOGAN. This source is developed at
GANIL !Ref. 3", which is commercially available from Pantechnik S.A.,
Caen, France !Refs. 9 and 10".

FIG. 5. !Color online" Worn bias pipe cap after 3 months of operation with
carbon.

FIG. 6. !Color online" Spectrum of one of the ECR ion sources. The peak at
B$=0.0386 T m corresponds to the desired 12C4+.

FIG. 2. !Color online" Layout of the injector linac !Ref. 4" SOL=solenoid
magnet, QS=quadrupole singulet, and QT=quadrupole triplet. Green: fo-
cusing and steering magnets; red: profile grids and tantalum screen; blue:
beam current monitors !Faraday cups and beam transformers".

TABLE I. Specified ion species and intensities behind the 90° analysing
magnet.

Ion I !e!A" Usource !kV"

H2
+ 1000 16

3He1+ 500 24
12C4+ 200 24
16O6+ 150 21.3

02A331-2 Winkelmann et al. Rev. Sci. Instrum. 79, 02A331 !2008"
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Linac Acceleration
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• RFQ+DTL linacs in existing therapy machines currently 
designed to accelerate ions with A/q in range 1–3:
– Can accommodate protons, 4He2+ and 12C4+ but not 

4He1+ and 12C3+.
– Ions stripped at end of linac: fully stripped in ring.
– Redesign needed to allow A/q = 4.

27/05/21

HIT Layout:
1. Ion Sources
2. Linac
3. Ring



Injection & Acceleration
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• With fully stripped ions at linac exit, ions with           
A/q = 4 can be injected into ring:
– With mixed beams extracted from ion source, accelerate 

together.
– Possible to do separate injection?

• Two bunches in ring: 4He2+ and 12C6+.
• Beam dynamics becomes more challenging.

• Stripping at injection: stack beams?

Synchrotron Ring

High Energy Beam Transport

Injector 
Linac

IR1 IR3IR2 IR4

Ion 
Sources

MedAustron
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• Because of the slight difference in mass         
per nucleon (mC=12 amu, mHe=4.0026033 
amu) the two species have a slightly different
momentum per nucleon in order to have the 
same revolution frequency imposed by the RF 
cavity!

• Where f0,He is the frequency that the helium 
would have to go through the nominal orbit

Accelerating He and C Together
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• Synchrotrons normally drive 
beam into resonant to extract:
– RF knockout (HIT).
– Betatron core (CNAO, 

MedAustron).
• Not clear whether resonance will 

affect ions in the same way:
– Can both ions be extracted 

simultaneously?
– Will the proportions be 

maintained?
• For CNAO:

Extracting He and C
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• He-C mixing provides method of on-line beam      
monitoring:
– Accidental contamination already observed!
– Measurable Helium signal in residual range detector with 10% 

He-C contamination.
– Provides in-vivo signal, but also sensitive to downstream 

changes.
• Challenges to be overcome:

– Requires synchrotron (or linac): cannot be achieved with 
cyclotron due to beam degrader.

– Beam with mixed ions possible from ion source:
• He-C ratio must be correct at ion source extraction.
• Oxygen contamination from CO2.

– Existing linacs will need redesign to accommodate A/q = 4.
– Study needed of synchrotron resonances to allow simultaneous 

extraction: new extraction methods needed?

Conclusions



Thank You
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