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Concepts for Range Verification

• Energy measurements

 - Prompt Gamma Spectroscopy (PGS)

• Spatial measurements

 - Compton Camera / Slit Camera 

• Timing measurements

 - Prompt Gamma Timing (PGT)

nuclear interaction 

promptly emitted  
photons

T ~ ps Compton Camera

Slit Camera

Prompt Gamma Timing

PGI

Slit Camera

114   

suffer from biological washout or motion effects. In addition, 
a significantly higher PG production and closer correlation 
with dose profiles due to higher cross-sections makes it more 
attractive than PET.  

A novel approach for measuring prompt gammas, com-
bining energy- and time-resolved detection has been pro-
posed by Verburg and Seco [3]. Besides using the prompt 
gamma signal for range verification, the emitted gamma 
spectrum allows determining the elemental composition of 
irradiated tissue.  

The characterization of CeBr3 detectors for usage as PG 
monitors in particle therapy has been firstly accomplished by 
Römer et al. [4]. Such detectors were systematically investi-
gated by Pausch et al. [5] and firstly applied to prompt 
gamma timing (PGT). In this work, we propose to use CeBr3 
scintillators for prompt gamma spectroscopy (PGS). 

2 Materials and methods 

2.1 Experimental setups 

The measurements were divided in three campaigns. In the 
first campaign, Water and PMMA phantoms and a Graphite 
Brick were irradiated with a mono-energetic proton beam of 
130 MeV. For the Aluminium brick we adjusted the energy 
to 90 MeV. 

The schematics of the experimental setup is depicted in 
Figure 1a). The detection system was composed of a CeBr3 
detector (� 2’’ × 2’’) coupled to a Hamamatsu R13089 pho-
tomultiplier tube and plugged to a Target U100 Spectrometer 
[6]. 

The system was located at 90º with respect to the beam, 
at a distance of 50 cm and aligned with the Bragg peak posi-
tion. The energy spectrum was calibrated with a 22Na source 
and the photomultiplier voltage was adjusted accordingly. 

In the second campaign, a tungsten collimator with a 
thickness of 5 cm was placed between the PMMA phantom 
and the detecting system. The scheme is shown in Figure 1b). 
The phantoms were placed on a moving platform and dis-
placed in 5 mm steps covering a region from 6 cm before the 
BP up to 3.5 cm after the BP.  

In the last campaign, we used different CeBr3 detectors  
(� 1.5’’ × 3’’) and doubled the collimator thickness in a 
semi-collimation configuration, see Figure 1c). We also 
acquired for several detector positions along the beam range 
covering a region from 9 cm before the BP until 9 cm after 
the BP. We irradiated a PMMA phantom with the maximum 
energy available – 224 MeV. Figure 2 shows a photograph of 
the setup in campaign 2 and 3. We set a beam current of 0.4 
nA measured at the ionization chamber and an acquisition 
time of 50 s for both campaigns. The observed throughput 
rates for the 3 campaigns varied between 300 and 500 kcps 
with a busy time of 30-50% as indicated by the U100.  

The spectrometer streamed acquired data in list-mode 
format to a server which then saved them in binary files 
containing the time stamp (64-bit integers) and the energy 
information (32-bit floats). This data was further analysed 
with MATLAB and ROOT (version 5.34.00, CERN, Geneva, 
Switzerland). The accelerator radio-frequency (RF) has been 
used for timing information as external reference clock. The 
detailed specifications of the detection system are reported in 
a more comprehensive work [5]. 

Figure 1: Schematic drawing of the three campaigns for the 
prompt gamma acquisition from proton-irradiated phantoms using: 
a) no collimation; b) slit collimation; c) semi-collimation. 

Figure 2: Photos of campaign 2 (bottom) – slit collimation, and 3 
(top) – semi-collimation. 
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• Protons enter the tissue and  
excite nuclei 

• Production of prompt gammas  
along particle track 

• Record time resolved emission 
profile 

• Longer range is reflected in a  
longer period of prompt gamma emission 

• Time differences in ps scale 

• Measure for range shifts  
➤ Δ width of PGT spectra  (standard deviation Δσ) 
➤ Δ position of PGT spectra  (mean Δµ)

Principle of Prompt Gamma Timing 

 ➤ particle range
tRF-tDet

#

target

proton bunch

cyclotron

proton beam

γprompt
time reference (RF)

detection time

 Δt ~ ps

de
tec
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Proof of Prompt Gamma Timing 
• PGT spectra measured in treatment 

Room (PBS Mode)
• Setup  
➤ 225 MeV Protons  
➤ One Layer 1000 MU   
➤ 1.43x1011 incoming protons 
➤ CeBr3 (2"x2") detector

• Lack of prompt gamma production 
due to air cavity

• Overshoot caused by longer range

PMMA
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Principle of Prompt Gamma Timing (PGT)
• PGT spectra measured in treatment 

Room (PBS Mode) 

• Setup:  
➤ 225 MeV Protons  
➤ One Layer 1000 MU   
➤ 1.43x1011 incoming protons 
➤ CeBr3 (2"x2") detector 

• Lack of prompt gamma production 
due to air cavity 

• Overshoot caused by longer range

PMMA

Air Cavity
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Principle of Prompt Gamma Timing (PGT)
• PGT spectra measured in treatment 

Room (PBS Mode) 

• Setup:  
➤ 225 MeV Protons  
➤ One Layer 1000 MU   
➤ 1.43x1011 incoming protons 
➤ CeBr3 (2"x2") detector 

• Lack of prompt gamma production 
due to air cavity 

• Overshoot caused by longer range
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• Lack of prompt gamma production 
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Overview of the OncoRay Facility

Footprint:

�3 m

31
 m

Cyclotron

IBA C230

Fixed energy: 230 MeV

Max. current: ~300 nA

106 MHz RF

Warm magnet

�.2 m diameter

Cyclotron

Experimental  
        Area

Treatment 
Room

First experiments in march 2014

Energy: 70 - 230 MeVGantry:  d = 11 m 
              m= 120 t

Experiments at OncoRay - Dresden

http://www.hzdr.de


Member of the Helmholtz Association
Theresa Werner | Institute of Radiooncology | Medical Radiation Physics | www.hzdr.de8

• Hollow PMMA target with inserts  
(e.g air, bone) 


• Treatment conditions ➤ doses, dose 
rate, volume

Pencil Beam Mode (PBS)

Experiments at Treatment Room

target

proton 
beam

detector

Experimental setup in clinical treatment room

detector

• o 2“x1…2“ CeBr3 

• ΔT = 225 ps @ 4.5 MeV 

• ΔΕ/E = 2.5 % @ 2.5 MeV 

• 1 Mcps (asymptotic) throughput PGT detection unit

CeBr3  PMT Digital spectrometer

PGT detection unit

http://www.hzdr.de
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full PBS plan

distal layer

Visualization of a dose cube PBS plan

Principle of PBS

beam

tumor-volume

• Tumor-volume splitted in several 

iso-energy slices 

• Spot-wise dose deposition in the 

target volume

Experiments at Treatment Room
Pencil Beam Mode (PBS)

http://www.hzdr.de
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Challenges towards Clinical Translation

Dose delivery constraints

Accelerator

Protect, Enhance and Save Lives - 5 - 

z Macro-structure of the beam (~µs time scale) Î Electronics count rate 
z Micro-structure of the beam (~ns time scale) Î detector & data acq (Ex: TOF, PGT) 

How beam accelerator impacts PGC design? 

Isochronous cyclotron                     Synchro-cyclotron                                     Synchroton 
 

 
 

IBA - C230                                                 IBA - S2C2                                                ProTom 330        
 

 
 

A) Strong detector load variations due 
to layer structure


B) Ensure statistic in short irradiation 

time (Spot ~ ms)

C) Unstable time correlation between 

cyclotron RF and proton bunches


D) Oscillation of the phase between 
bunch and RF

100 ms

http://www.hzdr.de
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Dose Delivery Constraints 
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t / s

20
25
30
35
40
45
50
55
60

3�10◊

En
er

gy
 / 

a.
u.

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14
t / s

20
25
30
35
40
45
50
55
60

3�10◊

En
er

gy
 / 

a.
u.

0
20
40
60
80
100
120
140
160
180
200
220

0 2 4 6 8 10 12 14
t / s

0

100

200

300

400

500

600

700

Ra
te

 / 
kc

ps 226.7 MeV

0 2 4 6 8 10 12 14
t / s

100

200

300

400

500

600

700

Ra
te

 / 
kc

ps 162 MeV• Gain depends on detector load


• Effects on gain and timing

➤ Corrections applied in the data    
    analysis 

A) Load variations
Countrate histogram

t / s
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511 keV

511 keV
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— Reference 
— Air Cavity

PGT spectra of distal layer

t - tRF / ns

Co
un

ts

proto
n 

Reference

Air cavity
PMMA target

    PGT spectra  of a single spot

Co
un

ts

t - tRF / ns

— Reference 
— Air Cavity

• Acquisition time few ms per 
spot


• Limiting factor is electronic / 
DACQ


• High detection rate > 106 cps


Global shifts:

Layer:  ~ sec

Local shifts:

Spot:   ~ ms

B) Treatment time
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Dose Delivery Constraints 
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Accelerator

 ➤ particle range
tRF-tDet

#

target

proton bunch

cyclotron

proton beam

γprompt

 Δt ~ ps

de
tec

tor

drift

C) Bunch drifts

• Unstable time 
correlation between 
cyclotron RF and 
proton bunches


• Shift of leading edge 
of the PGT spectra

10 20 30 40 50

measuring time / min

0

10

20

30

40

50

60

70

80

90

100

le
a

d
in

g
e

d
g

e
 s

h
if

t 
/ 

p
s

RF Shift Bunch monitor - Template Matching

Least square algorithm

Correlation coefficient

Bunch monitor
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Accelerator

D) RF Oscillation

• Up/down regulation of high 
voltage between layers 

➤ leads to oscillating bunch    
    phase
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spotnumber

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

6

P
G

T
 
m

e
a

n
 
/
 
p

s

Mean = 5.362 ns ±0.002 ns

Mean = 5.418 ns ±0.001 ns
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Cavity (20 mm):
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time

V 1 Layer 2 Layer

i

 

1 Layer 2 Layer

0 1 2 3 4 6 7 8 9

100

150

200

250

300
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Solutions
A) Load variations

B) Statistics

C,D) Bunch drift and accelerator RF    
       oscillation

• Track 511 keV line for event-wise correction 
function 

• Use multiple detectors 
for treatment monitoring

• Use proton bunch monitor to 
detect the bunch phase 

http://www.hzdr.de
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Pencil Beam Scanning

Experimental Results

proton 
beam

• 22 x distal layer of so called 
"Dose Cube Plan"

• 1 Gy per Plan
• 500 kcps detector throughput

Count Rate Histogram

PMMA

Air Cavity

http://www.hzdr.de


Member of the Helmholtz Association
Theresa Werner | Institute of Radiooncology | Medical Radiation Physics | www.hzdr.de17

Spot-wise analysis of distal layer

Local Range Shifts 
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• 1 Gy PBS plan
• about 2.2 x 108 protons per spot
• PGT spectra per Spot 
➤ Mean μ and standard  
    deviation σ 

• Measure for range shift
ΔµSpot = ( µRef - µCav )

Spot173 Spot 124

Spot98

Spot160

Spot34ΔσSpot = ( σRef - σCav )
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Imaging of Local Range Shifts
Data without corrections
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• Gain correction
• Energy cut (3-5MeV)
• PGT cut
• Statistic of 2 detectors (22 Layer)
• Without bunch monitor
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Data with corrections

• Raw data

That’s what PhD students are for … 

Air Cavity: 20 mm

http://www.hzdr.de
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Conclusion
• PGT tested under treatment conditions 

• PBS treatment plan structure retrievable  

• Global and local range shifts detectable 

• 20 mm to 5 mm shifts detectable for a  
1 Gy plan with 6 detectors

• PGT snout for defined  
detector reproducibility 

• Clinical trials of PGT

Next Steps

L. Koffel

Sketch of PGT snout

Thank you
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