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UMC Groningen Proton Therapy Center

• IBA ProteusPLUS
• 2 treatment rooms
• capacity ~ 600 patients per year

start of operations: 22 January 2018
first proton therapy treatment in the Netherlands

www.umcgroningenptc.nl/en/
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Imaging the patient

CT

3-4% uncertainty in proton range
imposes a safety margin around tumour

better
• information at multiple X-ray energies, e.g. dual-energy CT (DECT)
• information from protons: proton radiography/CT

from anatomy to proton stopping power
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Multiple X-ray energies: DECT

www.healthcare.siemens.com

dual-energy CT
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Experimental investigation
(DE)CT
at UMCG

proton stopping power
at KVI-CART

high-accuracy (≤ 0.05 mm) 
range measurements

gammex phantom
(tissue-equivalent materials)

bovine tissues
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Multiple X-ray energies: DECT
dual-energy CT
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Bone

tissue-equivalent materials animal tissues

Single energy vs. dual energy CT
accuracy of relative stopping power

J.K. van Abbema et al., Phys. Med. Biol. 60(2015)3825
J.K. van Abbema, PhD Thesis, University of Groningen (2017)

www.rug.nl/research/portal/files/49770163/Complete_Thesis.pdf

more accurate patient specific tissue proton stopping powers



9Peter Dendooven Medinet Midterm meeting 12-14 March 2018

Proton radiography
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TPC + Timepix/Timepix3
setup at KVI-CART time projection chambers

residual energydetector

rotating phantom

proton beam

in collaboration with
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Results proton radiography
The optimal balance between quality and efficiency in proton radiography imaging technique 
at various proton beam energies: A Monte Carlo study
Biegun AK, van Goethem M-J, van der Graaf ER, van Beuzekom M, Koffeman EN, Nakaji T, 
Takatsu J, Visser J and Brandenburg S
Physica Medica 41 (2017) 141-146

Proton radiography with Timepix based time projection chambers
Biegun AK, Visser J, Klaver T, Ghazanfari N, van Goethem MJ, Koffeman E, 
van Beuzekom M, and Brandenburg S
IEEE Transactions on Medical Imaging 35 (2016) 1099-1105

Proton energy and scattering angle radiographs to improve proton treatment planning: a 
Monte Carlo study
Biegun AK, Takatsu J, Nakaji T, van Goethem MJ, van der Graaf ER, Koffeman EN, 
Visser J, and Brandenburg S
Journal of Instrumentation 11 (2016) C12015

Proton radiography to improve proton therapy treatment
Takatsu J, van der Graaf ER, Goethem MV, van Beuzekom M, Klaver T, Visser J, 
Brandenburg S, and Biegun AK
Journal of Instrumentation 11 (2016) C01004



12Peter Dendooven Medinet Midterm meeting 12-14 March 2018

Timepix3-based detectors

4 detectors:
2 x 100 µm thick silicon
2 x 300 µm thick silicon

14 x 14 mm2

55 x 55 µm2 pixels

readout speed: 100 frames/s

modes of operation:
• counting
• energy
• time
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FitPix radiography setup at KVI-CART

data under analysis

detector

detector

phantom
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Imaging the beam

treatment planning CT
oxygen-15 production

treatment planning CT
potassium-38 production

treatment planning CT
simulated dose

Dendooven P et al

principle: production of secondary gamma radiation
correlates with radiation dose
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(Very) short-lived positron emitters
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Abstract
The only method for in vivo dose delivery verification in proton beam 
radiotherapy in clinical use today is positron emission tomography (PET) of 
the positron emitters produced in the patient during irradiation. PET imaging 
while the beam is on (so called beam-on PET) is an attractive option, providing 
the largest number of counts, the least biological washout and the fastest 
feedback. In this implementation, all nuclides, independent of their half-life, 
will contribute. As a first step towards assessing the relevance of short-lived 
nuclides (half-life shorter than that of 10C, T1/2  =  19 s) for in vivo dose delivery 
verification using beam-on PET, we measured their production in the stopping 
of 55 MeV protons in water, carbon, phosphorus and calcium The most 
copiously produced short-lived nuclides and their production rates relative to 
the relevant long-lived nuclides are: 12N (T1/2  =  11 ms) on carbon (9% of 11C),  
29P (T1/2  =  4.1 s) on phosphorus (20% of 30P) and 38mK (T1/2  =  0.92 s) on 
calcium (113% of 38gK). No short-lived nuclides are produced on oxygen. 
The number of decays integrated from the start of an irradiation as a function 
of time during the irradiation of PMMA and 4 tissue materials has been 
determined. For (carbon-rich) adipose tissue, 12N dominates up to 70 s. On 
bone tissue, 12N dominates over 15O during the first 8–15 s (depending on 
carbon-to-oxygen ratio). The short-lived nuclides created on phosphorus and 
calcium provide 2.5 times more beam-on PET counts than the long-lived ones 
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Abstract
In vivo dose delivery verification in proton therapy can be performed by 
positron emission tomography (PET) of the positron-emitting nuclei produced 
by the proton beam in the patient. A PET scanner installed in the treatment 
position of a proton therapy facility that takes data with the beam on will see 
very short-lived nuclides as well as longer-lived nuclides. The most important 
short-lived nuclide for proton therapy is 12N (Dendooven et  al 2015 Phys. 
Med. Biol. 60 8923–47), which has a half-life of 11 ms. The results of a proof-
of-principle experiment of beam-on PET imaging of short-lived 12N nuclei 
are presented. The Philips Digital Photon Counting Module TEK PET system 
was used, which is based on LYSO scintillators mounted on digital SiPM 
photosensors. A 90 MeV proton beam from the cyclotron at KVI-CART was 
used to investigate the energy and time spectra of PET coincidences during 
beam-on. Events coinciding with proton bunches, such as prompt gamma rays, 
were removed from the data via an anti-coincidence filter with the cyclotron 
RF. The resulting energy spectrum allowed good identification of the 511 keV 
PET counts during beam-on. A method was developed to subtract the long-
lived background from the 12N image by introducing a beam-off period into 
the cyclotron beam time structure. We measured 2D images and 1D profiles 
of the 12N distribution. A range shift of 5 mm was measured as 6  ±  3 mm 
using the 12N profile. A larger, more efficient, PET system with a higher data 
throughput capability will allow beam-on 12N PET imaging of single spots in 
the distal layer of an irradiation with an increased signal-to-background ratio 
and thus better accuracy. A simulation shows that a large dual panel scanner, 
which images a single spot directly after it is delivered, can measure a 5 mm 
range shift with millimeter accuracy: 5.5  ±  1.1 mm for 1  ×  108 protons and 
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Beam-on, in-beam, on-line PET
detector characteristics (for true beam-on PET):
• need time-of-flight (TOF-) PET
• high singles count rate (~25 kcps per cm2 detector surface area)

singles rate capability of modern TOF-PET detectors is fine,
but electronics and data acquisition needs to be dedicated

• need anticoincidence with accelerator RF to reject prompt signals
• radiation hardness (SiPM !)

experiments using the 
PDPC Module-TEK
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Beam-on PET experiment

90 MeV protons
PDPC 

TOF-PET 
modules

setup at KVI-CART
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Rejection of prompt signals
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N-12-only imaging
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N-12-only imaging
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1D N-12 activity profiles in graphite

5 mm graphite target shift → 6 ± 3 mm PET profile shift
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N-12 imaging during treatment: simulation
• 1 proton spot on a graphite target
• no long-lived contribution
• large dual-panel PET scanner

target 90 MeV proton beam

5 mm graphite target shift 
→ PET profile shift:
5.2 ± 0.5 mm for 5 x 108 protons
5.5 ± 1.1 mm for 108 protons
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Radiation hardness dSiPM
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 64, NO. 7, JULY 2017 1891

Radiation Hardness of dSiPM Sensors in a Proton
Therapy Radiation Environment

Faruk Diblen, Tom Buitenhuis, Torsten Solf, Pedro Rodrigues, Emiel van der Graaf, Marc-Jan van Goethem,
Sytze Brandenburg, and Peter Dendooven, Member, IEEE

Abstract— In vivo verification of dose delivery in proton ther-
apy by means of positron emission tomography (PET) or prompt
gamma imaging is mostly based on fast scintillation detectors.
The digital silicon photomultiplier (dSiPM) allows excellent scin-
tillation detector timing properties and is thus being considered
for such verification methods. We present here the results of
the first investigation of radiation damage to dSiPM sensors
in a proton therapy radiation environment. Radiation hardness
experiments were performed at the AGOR cyclotron facility at
the KVI-Center for Advanced Radiation Technology, University
of Groningen. A 150-MeV proton beam was fully stopped in a
water target. In the first experiment, bare dSiPM sensors were
placed at 25 cm from the Bragg peak, perpendicular to the beam
direction, a geometry typical for an in situ implementation of a
PET or prompt gamma imaging device. In the second experiment,
dSiPM-based PET detectors containing lutetium yttrium orthosil-
icate scintillator crystal arrays were placed at 2 and 4 m from
the Bragg peak, perpendicular to the beam direction; resembling
an in-room PET implementation. Furthermore, the experimental
setup was simulated with a Geant4-based Monte Carlo code in
order to determine the angular and energy distributions of the
neutrons and to determine the 1-MeV equivalent neutron fluences
delivered to the dSiPM sensors. A noticeable increase in dark
count rate (DCR) after an irradiation with about 108 1-MeV
equivalent neutrons/cm2 agrees with observations by others for
analog SiPMs, indicating that the radiation damage occurs in
the single photon avalanche diodes and not in the electronics
integrated on the sensor chip. It was found that in the in situ
location, the DCR becomes too large for successful operation
after the equivalent of a few weeks of use in a proton therapy
treatment room (about 5×1013 protons). For PET detectors in an
in-room setup, detector performance was unchanged even after
an irradiation equivalent to three years of use in a treatment
room (3 × 1015 protons).
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May 11, 2017. Date of publication May 18, 2017; date of current version
July 14, 2017. (Corresponding author: Peter Dendooven.)
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hardness.

I. INTRODUCTION

AMAJOR advantage of proton beam radiotherapy (proton
therapy), as opposed to photon beam radiotherapy, is the

potential of very precise dose delivery to the tumor volume
with reduced dose to healthy tissue. Due to the localized high-
dose deposition, proton therapy is very sensitive to a variety
of potential differences between the actual treatment situation
and the one assumed during treatment planning, which may
result in serious medical complications for the patient. In order
to minimize the probability and severity of these complications
and to have full clinical benefits of proton therapy, the dose
distribution must be delivered very accurately. However, this
task is difficult to achieve because of errors that may occur due
to the uncertainties in proton range (as a result of uncertainties
in the conversion of the planning CT Hounsfield units to
proton stopping power), errors in patient setup, internal organ
motion, and anatomical changes, e.g., tumor regression and
weight loss, during the treatment [1]. In vivo verification of
the delivered treatment is a way to assess this issue. Such
verification allows feedback on the nature and effect on the
dose of possible sources of error, allowing these errors to be
corrected and the treatment plan to be adapted in order to
achieve the intended total dose delivery during the remainder
of the treatment.

Two main approaches, based on the detection of secondary
high-energy photons, are being considered for in vivo dose
delivery verification in proton therapy. The first approach to
have been developed is positron emission tomography (PET)
of the positron emitting nuclides produced by the proton
beam in the patient; the second, more recently investigated,
class of techniques makes use of prompt gamma rays, which
are emitted on a subnanosecond timescale in the decay of
excited atomic nuclei. For an overview of this subject, espe-
cially related to proton therapy, we refer to some recent
reviews [2]–[8].

The past decade has seen a vigorous development of detec-
tor systems for in vivo dose delivery verification in proton
therapy. Most often, inorganic scintillators of high density and
large effective atomic number are used in order to efficiently
detect the high-energy photons (511 keV in the case of PET
and up to about 7 MeV in the case of prompt gamma rays).
Traditionally, photomultiplier tubes (PMT) have been used

0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 64, NO. 7, JULY 2017 1891

Radiation Hardness of dSiPM Sensors in a Proton
Therapy Radiation Environment
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Abstract— In vivo verification of dose delivery in proton ther-
apy by means of positron emission tomography (PET) or prompt
gamma imaging is mostly based on fast scintillation detectors.
The digital silicon photomultiplier (dSiPM) allows excellent scin-
tillation detector timing properties and is thus being considered
for such verification methods. We present here the results of
the first investigation of radiation damage to dSiPM sensors
in a proton therapy radiation environment. Radiation hardness
experiments were performed at the AGOR cyclotron facility at
the KVI-Center for Advanced Radiation Technology, University
of Groningen. A 150-MeV proton beam was fully stopped in a
water target. In the first experiment, bare dSiPM sensors were
placed at 25 cm from the Bragg peak, perpendicular to the beam
direction, a geometry typical for an in situ implementation of a
PET or prompt gamma imaging device. In the second experiment,
dSiPM-based PET detectors containing lutetium yttrium orthosil-
icate scintillator crystal arrays were placed at 2 and 4 m from
the Bragg peak, perpendicular to the beam direction; resembling
an in-room PET implementation. Furthermore, the experimental
setup was simulated with a Geant4-based Monte Carlo code in
order to determine the angular and energy distributions of the
neutrons and to determine the 1-MeV equivalent neutron fluences
delivered to the dSiPM sensors. A noticeable increase in dark
count rate (DCR) after an irradiation with about 108 1-MeV
equivalent neutrons/cm2 agrees with observations by others for
analog SiPMs, indicating that the radiation damage occurs in
the single photon avalanche diodes and not in the electronics
integrated on the sensor chip. It was found that in the in situ
location, the DCR becomes too large for successful operation
after the equivalent of a few weeks of use in a proton therapy
treatment room (about 5×1013 protons). For PET detectors in an
in-room setup, detector performance was unchanged even after
an irradiation equivalent to three years of use in a treatment
room (3 × 1015 protons).
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I. INTRODUCTION

AMAJOR advantage of proton beam radiotherapy (proton
therapy), as opposed to photon beam radiotherapy, is the

potential of very precise dose delivery to the tumor volume
with reduced dose to healthy tissue. Due to the localized high-
dose deposition, proton therapy is very sensitive to a variety
of potential differences between the actual treatment situation
and the one assumed during treatment planning, which may
result in serious medical complications for the patient. In order
to minimize the probability and severity of these complications
and to have full clinical benefits of proton therapy, the dose
distribution must be delivered very accurately. However, this
task is difficult to achieve because of errors that may occur due
to the uncertainties in proton range (as a result of uncertainties
in the conversion of the planning CT Hounsfield units to
proton stopping power), errors in patient setup, internal organ
motion, and anatomical changes, e.g., tumor regression and
weight loss, during the treatment [1]. In vivo verification of
the delivered treatment is a way to assess this issue. Such
verification allows feedback on the nature and effect on the
dose of possible sources of error, allowing these errors to be
corrected and the treatment plan to be adapted in order to
achieve the intended total dose delivery during the remainder
of the treatment.

Two main approaches, based on the detection of secondary
high-energy photons, are being considered for in vivo dose
delivery verification in proton therapy. The first approach to
have been developed is positron emission tomography (PET)
of the positron emitting nuclides produced by the proton
beam in the patient; the second, more recently investigated,
class of techniques makes use of prompt gamma rays, which
are emitted on a subnanosecond timescale in the decay of
excited atomic nuclei. For an overview of this subject, espe-
cially related to proton therapy, we refer to some recent
reviews [2]–[8].

The past decade has seen a vigorous development of detec-
tor systems for in vivo dose delivery verification in proton
therapy. Most often, inorganic scintillators of high density and
large effective atomic number are used in order to efficiently
detect the high-energy photons (511 keV in the case of PET
and up to about 7 MeV in the case of prompt gamma rays).
Traditionally, photomultiplier tubes (PMT) have been used
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In-situ and in-room installations

from 1 patient irradiation
(3 x 1011 protons)

to 1 year of patient irrad.
(1015 protons)

3 years of patient irradiations
(3 x 1015 protons)

PET detectors:
• dSiPM sensor tile
• 8x8 array
• 4x4x22 mm3 LYSO

bare dSiPM sensor tiles
temperature about 8 °C

in-situ bare sensors in-room PET detectors

25 cm 25 cm
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In-situ: DCR ratio after/before irradiation
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• dark count rate (DCR) is used to assess radiation damage
• DCR ratio for every cell, ~2 x 105 per 32x32 mm2 tile
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In-situ: recovery of damage
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3 weeks after

• dark count rate (DCR) is used to assess radiation damage
• DCR ratio for every cell, ~2 x 105 per 32x32 mm2 tile
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In-room: DCR

at 4 m, 110 degrees,
behind 1 m concrete 

at 2 m

at 4 m
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In-room: DCR

at 4 m, 110 degrees,
behind 1 m concrete 

at 2 m

• median largely unchanged
• mean increases

→ large increase in DCR in 
a small fraction of cells

→ disabling a small fraction
of cells mitigates damage

at 4 m
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In-room: effect on PET performance

before
or after

fraction cells
enabled

∆E/E [%] CRT [ps]
trig. scheme 2

counts rel. to trig. 
scheme 4 [%]

detectors at 2 m

before 90% 11.2 / 11.3 306

after 90% 11.2 / 11.3 304

after 80%

detectors at 4 m

before 90% 11.7 / 12.0 310

after 90% 11.7 / 12.7 315

after 80%

detector behind concrete wall

before 90% 11.6 308

after 90% 11.7 306

after 80%
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In-room: effect on PET performance

before
or after

fraction cells
enabled

∆E/E [%] CRT [ps]
trig. scheme 2

counts rel. to trig. 
scheme 4 [%]

detectors at 2 m

before 90% 11.2 / 11.3 306 95

after 90% 11.2 / 11.3 304 56

after 80%

detectors at 4 m

before 90% 11.7 / 12.0 310 89

after 90% 11.7 / 12.7 315 80

after 80%

detector behind concrete wall

before 90% 11.6 308 89

after 90% 11.7 306 86

after 80%
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In-room: effect on PET performance

before
or after

fraction cells
enabled

∆E/E [%] CRT [ps]
trig. scheme 2

counts rel. to trig. 
scheme 4 [%]

detectors at 2 m

before 90% 11.2 / 11.3 306 95

after 90% 11.2 / 11.3 304 56

after 80% 11.5 / 11.4 309 91

detectors at 4 m

before 90% 11.7 / 12.0 310 89

after 90% 11.7 / 12.7 315 80

after 80% 12.7 / 12.8 335 95

detector behind concrete wall

before 90% 11.6 308 89

after 90% 11.6 / 11.7 306 86

after 80% 11.8 328 97
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Conclusions radiation hardness

› experiments using digital SiPM from
§ in-situ geometry: - significant increase in DCR

- digital infrastructure of the sensor unaffected
➔ too severe sensitivity loss after 1-2 weeks of clinical operation

of a proton therapy treatment room
§ in-room geometry: - moderate increase in DCR

- disabling damaged cells mitigates drop in
PET performance

➔ PET performance expected to be maintained for over 3 years 
of clinical operation of a proton therapy treatment room

› how about other types of SiPM ?
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Experiments at KVI-CART - AGOR
www.rug.nl/kvi-cart/research/facilities/agor/ 
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AGOR operating diagram / available beams
operating diagram and available beams
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Financing for experiments at KVI-CART

› INSPIRE: INfraStructure in Proton International REsearch
cordis.europa.eu/project/rcn/213378_en.html

› 1 March 2018 to 28 February 2022
› links clinical proton therapy centres in 11 European countries and 

2 centres in the US; IBA and Varian participate 
› KVI-CART trans-national access: 600 hours

› ENSAR2
› 1 March 2016 to 29 February 2020
› KVI-CART trans-national access: 700 hours

www.rug.nl/kvi-cart/research/facilities/agor/access

› CORA-IBER: Continuously Open Research Announcement for 
Investigating the Biological Effects of Space Radiation

› KVI-CART as ESA Ground-Based Facility
› up to €50 000 for each proposal selected after peer review

www.esa.int/Our_Activities/Human_Spaceflight/Research/New_radiation_research_
programme_for_human_spaceflight/(print)
esamultimedia.esa.int/docs/hsf_research/cora/CORA-IBER-information-package.pdf


