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MOnitor for Neutron Dose for hadrOnterapy
• Charged particles release energy at the end of their path: Bragg Peak;

• The Radio Biological Effect of ion beam is higher than in X-Ray (Radiotherapy);

• Particle Therapy (PT) exploits this characteristics: it possible to destroy the tumor 
cells preserving the healthy tissues;
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THERAPY

1. INTRODUCTION

The application of high-energy beams of heavy charged particles to radiotherapy was first 

considered  in 1946  when  Robert  R.  Wilson  investigated  the  depth-dose  characteristics  of 

proton beams [1]. Since more than twenty years irradiation with charged particles[2], mainly 

protons, has been introduced as an alternative  to  the  traditional  therapy  with  X  rays and in 

the last decade the use of  light ions (Z<10) beam has been introduced for the cancer treatment, 

in particular carbon ions with kinetic energy of ~300 MeV/nucleon.[3,4]

The  beam  made  of  protons  or  carbons  are 

particularly suited for radiotherapy due to their 

favorable  depth  profile  of  the  released  dose: 

their maximum energy density is released at the 

Bragg peak, at the end of their range, in contrast 

with X-rays or  !-rays,  which are absorbed by 

the body and show an exponential decrease in 

the  radiation  dose  with  increasing  tissue 

depth[5,6]. As  shown  in  Fig.1  this  dose 

deposition  pattern  can  be  very  effective  in 

killing  the  tumor  and  sparing  the  adjacent 

healthy tissues in comparison to the standard X 

ray  performance.  Since  the  Bragg  peak  for 

protons and light ions is very narrow, beams of 

different energies have to be superimposed to produce a spread-out Bragg peak (SOBP) that 

covers the whole tumor region. 

The carbon beams have reduced  lateral  scattering  of  carbons  compared  with  protons[7,8], 

which leads to a further improvement in the dose distribution to the target area. On the other 

hand the fragmentation of the carbon beam in the path to the tumor region deteriorates the 

beam  purity,  producing  long  range  lighter  fragments[9,10,11].  An  important  advantage  of 

carbon with respect to the proton is its enhanced radiobiological effects on tissues. The relative 

biological  effectiveness  of  charged  particles 

(RBE: ratio of X-ray and particle dose producing 

the same biological  effect[12])  increases   with 

the particle  ionization density,  or linear energy 

transfer.  For  carbon  beam  the   peak  of  RBE 

coincides  with  the  Bragg  maximum,  and  this 

synergy  gives  the  possibility  of  an  higher 

conformity  of  the  deposited  biological  dose 

(physical  dose  times  RBE)  to  the  tumor 

volume[13,14,15].  In  Fig.2  are  shown  the 

different shape of biological dose release for X 

rays and carbon on a clinical case. 

The  aforementioned  features  of  the  charged 

beam with energies between 200 MeV/nucleon 

and  400  MeV/nucleon  makes  this  tecnique  particularly  suited  to  give  an  effective  dose 

extremely conformal to the tumor region and to spare eventual organs at risk surrounding the 

treatment volume. 

The Particle Therapy Cooperative Group (PTCOG)[16] constantly monitors the centers and the 

patients  they treat.  According to their most recent update 20 centers in the world use high 

energy protons to treat deep tumors, and three use 12C ions. In total, about 5,000 patients have 

been treated with 12C ions, and 50,000 with protons. 

From the geographical point of view these centers are concentrated in Europe, United States, 

. Fig.1 Dose distribution for X rays, protons 
and carbons

. Fig. 2 Different dose distribution of X rays 
and carbon
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MOnitor for Neutron Dose for hadrOnterapy
Many secondary particles are produced during PT treatments and we can exploit them 
to monitor the beam. Secondary addition dose due to charged particles and photons is 
negligible comparing to the primary one, but for secondary neutrons the scenario is 
more complicated.

• Biological effects


Secondary complication risks  (SMN)

• Radio-Protection


Shielding, staff safety, … MC 
extrapolation from low energy data 

• Induced radioactivity evaluation

The neutron induced 
complications are the main 

concerns in PT administration 
and planning, in particular in 

pediatric treatments

Life expectancy
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In a carbon ion beam treatment neutrons are produced mainly at energies: 20 - 600 MeV.

MOnitor for Neutron Dose for hadrOnterapy
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Considering the uncertainty, an upper limit of 0.2 mSv for 
the uterine dose was estimated40. Both the mother and the 
child are healthy and do not have radiotherapy-related 
complications 3 years after treatment.

Taken together, these data suggest that particle therapy 
is typically not causing an increase in the dose to distal 
organs compared with high-energy IMRT. However, great 
care should be taken in comparing these values, which 
generally refer to the effective dose41,42 (BOX 1), a contro-
versial radiological unit. Indeed, effective doses use tissue 
weighting factors that are estimated by several stochastic 
end points, and do not include any age- or gender-
dependence in cancer risk43. Especially for paediatric 
patients, the assumption that weighting factors are inde-
pendent of age at exposure is tenuous. Cancer is a tissue-
specific disease, and there is no evidence that the shape of 
the dose–response curve is the same for different organs. 
The International Commission on Radiological Protection 
(ICRP) indeed recognizes that the use of effective dose in 
medical applications may be inappropriate and it would be 

more useful to calculate the risks for specific age and gen-
der groups, using absorbed or equivalent doses to organs 
and tissues and age-related risk factors44.

Mechanisms of radiation-induced carcinogenesis
Ionizing radiation has been recognized as a carcino-
genic agent by the World Health Organization for many 
years45,46. Although early indications of radiation-induced 
cancers came from radiologists and other radiation 
workers, certainly the main epidemiological evidence 
of radiogenic carcinogenesis in humans and its dose–
response relationship comes from the 1945 atomic bomb 
(A-bomb) survivor cohort47. Leukaemia and many solid 
cancers (especially lung, colon, breast and thyroid can-
cer) have been linked to radiation exposure46. The risks 
of developing a solid tumour after radiation exposure 
are reasonably well described by linear dose–response 
functions in the dose range from 0.2 Sv to 2 Sv (FIG. 3). 
However, epidemiology does not provide the necessary 
information for SMNs in radiotherapy patients, in which 

Figure 2 | Secondary neutron dose in particle therapy. a | Schematic diagram of a spinal treatment field in particle 
therapy. A small diameter beam of charged particles (red) enters the treatment apparatus, which spreads the beam to a 
clinically useful size and collimates it to spare healthy tissues. Stray neutron radiation (green) is created by proton-induced 
nuclear reactions in the treatment unit and in the patient. The neutron doses provide no therapeutic benefit but increase 
the predicted risk that a patient will develop a second cancer later in life as a result of radiation exposure. b | The energy 
spectrum of photoneutrons produced by megavoltage X-rays and secondary neutrons produced by nuclear interactions of 
charged particles is complex. The figure shows recent neutron spectral measurements at the ELEKTA Linac accelerator in 
the Klinikum Goethe Universität of Frankfurt, Germany, operated at 25 MV, and at GSI, Darmstadt, Germany, with a 200 MeV 
per nucleon 12C pencil beam stopping in a water target. The energy in MeV is on the x axis in log-scale, whereas the 
 y axis gives the number of neutrons counted per unit solid angle (in millisteradiants (msr)) and per unit dose (in Gy) to  
the target. Photoneutrons were measured at 10 cm or 40 cm from the target area. Secondary neutrons produced by the  
12C ions were measured at two angles from the beam path (for details of the measurements see REF. 38). The yield of 
neutrons decreases by increasing the distance from the target or the scattering angle, but clearly X-rays produce mostly 
neutrons around 1 MeV, and particle therapy neutrons with energies around 100 MeV. These different spectra result in 
different (organ-specific) risk factors. c | Neutron radiation weighting factor w

R
 (BOX 1) is shown as a function of the neutron 

energy according to the latest International Commission of Radiological Protection recommendation44. The most effective 
neutrons are considered to be those with energies around 1 MeV. Part b courtesy of C. La Tessa, GSI, Darmstadt, Germany.

REVIEWS
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Neutrons produced during PT 
treatments by the beam 
interactions with the patient are 
mainly ultra-fast neutrons. Their 
energy is degraded after several 
scattering interactions with the 
target nuclei so that a large flux of 
slow neutrons is expected.

Is it crucial to measure this 
produced neutrons
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MOnitor for Neutron Dose for hadrOnterapy
Tracking Detector
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Plastic Scintillator
• 20 x 20 x 20 cm3;
• scintillating fibres 250 µm;
• 800 squared fibres per layer;
• x-y layer orientation;

Tracking Volume

Neutron 
- Ekin=[20-200] MeV
- Inter. length. ~ 1m
Proton mean path
- Ekin = 100 MeV=> 8 cm
- Ekin =  10 MeV=> 0.1 cm

Double elastic scattering interaction
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The image intensifier
Since the amount of produced light can be too low an image intensifier is needed to 
increase the number of photons reaching the light sensor;

We are investigating the possibility of developing a triple-GEM based intensifier;

Two main issues:

1) Photo-cathode for visible light. Technolgy exists and some prototypes of MPGD 
based PMT for visibile light already produced. But it has several serious caveat to be 
taken into account;

2) Light readout. Commercial CMOS based sensors give possibility of having high 
granularity along with very high sensitivity. We started a detailed study on this point;

Study and develop 1) and 2) are of general interest not only for the MONDO project.
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The Triple-GEM detector

3 mm wide drift gap and 
two 2 mm wide transfer 
gaps;

Electrons are collected on 
the bottom of the third GEM 
and only photons are read 
out;

The readout plane was 
replaced by a transparent 
plastic foil window.

Standard 140/70 GEM;
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The gas mixture
First tests were made by using an Ar/CF4 (95/5) gas mixture (1 bar);

Emission spectrum

CF4 - Emissions

OH - Emission
Ar - Emissions
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The gas mixture

Data acquired for a VGEM = 360 V.

A  gain  value  of  about  few  tens  is 
expected for each GEM. In total a gain 
as high as few 104 can be achieved;

In average we expect 0.6 photons per electron;

That  means  up  to  104  photons  per  primary 
electron can be produced;
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The gas mixture
We evaluted other properties of the gas mixture by means of Garfield

Drift velocity

Number of cluster per mip

12 cls/3mm
avg distance = 250 um
(5 ns for Ed=1 kV/cm)

In average 28 primary 
electrons ionized

A mip is expected to produce up to 105 photons

Number of electrons per mip
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Experimental set-up: PMT
The light yield of the triple-GEM detector was measured by means of cosmic rays;

Two NaI scintillators used to 
trigger penetrating muon tracks;

Light produced by the triple-GEM 
collected by a R9800 PMT;

A quantum efficiency below 5% is 
expected on the orange-red part;
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Experimental set-up: DAQ
All waveforms acquired by means a 10 GS/s oscilloscope;

GEM-PMT

Top Scint.
Bottom Scint.

Trigger

The waveforms were than analyzed to get the charge and the arrival time of the signals;
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A complete dataset
Several structures were visible in a complete data taking

These spikes are 
there also with 

PMT blinded by 
black tape. 

Something within 
the PMT itself.

Charge released between the first and 
the second GEM and thus amplified 
only by two GEMs (bi-GEM effect) Main signals due to the 

triple-GEM amplification

Echos of the triple-GEM 
signals arriving more than 

200 ns later.
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Bi-GEM effect
To confirm the bi-GEM effect, a run was taken with the first GEM off.

These spikes are 
always there

Charge released between the 
first and the second GEM and 

thus amplified by two only 
GEMs (bi-GEM effect)

Nothing there…
Echos of the bi-GEM signals 

arriving 150 ns later.
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Optimization of the electric fields
The electric field values have been scanned in order to optimize the charge collection 
and extraction in the GEM channels and thus to maximise the system light yield;
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A transfer field around 
1.5 kV/cm maximises the 
light collection.

The amount of light is 
almost stable for drift 
field values in the range  
0.5 - 1.5 kV/cm 

transfer field scan

drift field scan
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Signal arrival time
In order to check the results of the simulation, the measured signal arrival times for 
different drift fields are compared with the ones evaluated by using the calculated drift 
velocity.
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Altough the agreement is not perfect, the behavior and the order of magnitude of the 
two studies are the same.
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Light yield measurement
The average charge provided for a single photo-electron for this PMT was measured to 
be 0.16 +- 0.05 pC;
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By means of this calibration 
the  number  of  produced 
p h o t o e l e c t r o n s  w a s 
evaluated;

In  the  optimized  field 
condition more than 160 p.e. 
were collected;
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The CMOS-Camera
Once the light production was studied and maximised, the PMT was replaced by a 
CMOS camera with a suitable lens;

Hamamatsu provided us, for a few weeks 
test,  an  ORCA flash  4.0  camera  that  we 
instrumented with a Schneider bright lens

This system was tested by means of a calibrated light pulse

The response linearity is quite good over a 
large  range  except  for  a  threshold 
behavior for small amount of photons
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The CMOS-Camera
In order to test the sensitivity of this camera to a very small amount of photons, light in 
two identical regions in and out of the spot was measured for 100 times for different 
pulse instensities.

2.5 ph/pixel

With as few as to 2.5 photons/pixel the light 
spot is well separated from background;

For fewer light the situation start to be not so 
clear;

1.7 ph/pixel

1.0 ph/pixel
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First measurements
By using the camera we’ve been able to take pictures of several hot spots that appears 
when the three GEMs reach the high voltage working point, even without drawing a 
sizable leakage current;

}
1 mm

Unfortunately, the Schneider lens 
broke during the measurements;

We  acquired  few  hundreds  of 
images  while  illuminating  the 
GEM detector by means of a 137Cs 
source.

Except from tracks due to direct interactions of photons within the CMOS sensor, so far 
we were not able to see light signals coming from the triple GEM detector.

20Davide Pinci on behalf of MONDO project



Conclusion
The aim of the MONDO project is to provide a neutron dose monitor able to measure the 
direction and the energy of the neutrons produced during the hadron-terapy;

A detector made by a target of scintillating fibers readout by a high granularity CMOS 
sensor, via an image intesifier based on a triple GEM detector is under development.

The light yield of a triple-GEM detector was studied and optimised;

The performance of a CMOS based camera were tested and found to be very promising for 
our application;

Unfortunately, so far we haven’t been able to see signals from this system but the game has 
just started;

If the light is not enough we’ll try to increase the amount of CF4 in the mixture or to add a 
fourth GEM to the stack;
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Back up
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ORCA Flash 4.0
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MOnitor for Neutron Dose for hadrOnterapy
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Image Intensifier

e

Gas Electron Multiplier
• 70 µm hole
• 140 µm hole distance
• triple GEM

Tracking Volume
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Charge spectra
The waveforms were numerically integrated to evaluate the total collected charge

Example of a charge spectrum 
obtained with VGEM = 360 V;

The pedestal is evaluated in a 
similar gate before the trigger 
signal;

Charge (a.u.)
0 5 10 15 20 25 30

1

10

210

310
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