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Abstract 
Gantry 2 at PSI is a Pencil Beam Scanning (PBS) cy-

clotron-based proton therapy system. The main principle 
of PBS is a sequential dose-spot delivery to all positions 
(spots) within the tumour. This technique proved to be an 
effective treatment method for static tumours, however 
for mobile targets (e.g. lung or liver) organ motion inter-
feres with beam delivery lowering the treatment quality. 
A common method to mitigate motion effects is to re-scan 
the treatment volume multiple times. One distinguishes 
between iso-layered re-scanning (LR) where all re-scans 
are performed in a single energy layer before moving to 
the next energy, and volumetric re-scanning (VR) where 
the whole tumour volume is re-scanned multiple times. 
Several studies demonstrate the higher effectiveness of 
VR [1,2]. The downside of this re-scanning type is the 
increase of treatment time due to high number of energy 
switches and magnet initializations (ramping) between 
scans. We developed a novel re-scanning concept which 
increases the dynamics of energy modulation and cuts 
treatment delivery times in half. Using patient file, we 
demonstrated that our approach with highly dynamic 
energy modulation allows for a beam delivery precision 
similar to the standard PBS irradiation. 

INTRODUCTION 
The PROSCAN facility [3] at PSI currently operates 

two gantries and one parallel fixed beamline for ocular 
tumour irradiation. In addition, another gantry, Gantry 3 
[4], is under clinical commissioning. All treatment rooms 
make use of 250 MeV proton beam produced by the 
COMET [5] cyclotron. COMET is followed by the de-
grader and energy selection systems. Energies used dur-
ing clinical operations and maintenance tests range be-
tween 70 MeV and 230 MeV. The Gantry 2 therapy sys-
tem is a universal platform for research and development 
designed and constructed at PSI. The beam line and gan-
try elements were engineered to allow for highly dynamic 
energy changes of 100 ms [6]. Fast patient treatment is 
generally important for an efficient clinical work-flow. 
However, such a highly dynamic system as Gantry 2 is 
especially interesting for treatment of moving targets for 
which most likely the re-scanning techniques will have to 
be applied. Re-scanning is the most studied method for 
motion mitigation and used by many centres which are 
treating mobile tumours with PBS. The idea of re-
scanning is simple: the target volume (tumour) expanded 

with the additional margins covering tumour position at 
all phases of motion. Afterwards the extended volume is 
re-scanned multiple times such that errors due to interplay 
between motion and beam application are averaged out. 
This method might be sufficient for treatment of targets 
with less than 5 mm motion amplitude and can be com-
bined with other methods such as gating [7] for targets 
with larger amplitudes of the motion. Re-scanning alone 
is lengthening the total treatment time. When combined 
with other techniques the dead time is increased even 
more. For a system with slow energy changes VR will 
increase the treatment time by the number of re-scans 
leading to clinically unacceptable treatment duration. 
Another significant aspect introducing even larger dead 
time during the treatment is ramping of the beamline and 
gantry magnets. This procedure has to be performed to 
assure stable and reproducible system operation. A minor 
change of 0.5‰ in the magnetic field of the last gantry 
magnet can lead to 1 mm displacement of the beam posi-
tion at the iso-center (patient). Therefore, in each re-
scanning loop the system is typically forced to perform 
the ramping procedure. 

BEAM DELIVERY WITH DYNAMIC  
ENERGY MODULATION 

Current Default Implementation of Re-scanning 
Treatment of patients with mobile tumours started at 

Gantry 2 in 2017. Our current re-scanning implementa-
tion is performed using a decreasing energy sequence as it 
is done at all other particle therapy centres worldwide. 
Gantry 2 system employs normal conducting magnets. 
Thus, to suppress hysteresis effect any standard beam 
delivery starts with a ramping. First, we set an energy of 
70 MeV which followed by energy of 230 MeV and 5 s 
pause. The full procedure takes about 7 sec.  

  

 
 

Figure 1: Schematic layout of Gantry 2 at PSI.
 ____________________________________________  
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Figure 2: Current implementation of re-scanning at Gantry 2 (left). Right: ongoing implementation of re-scanning pro-
cedure with down and reverse energy directions and optimized ramping between scans.  

The last 90° bending magnet on the gantry is the largest 
element of the system (see Fig. 1). It is placed after two 
scanning magnets allowing for a parallel beam at the iso-
center. Thus, our system is particularly sensitive to a 
proper ramping of this magnet. After the first energy of 
the dose field is set we wait one more second and start 
irradiation. One scan takes from 6 s to 10 s depending on 
volume of the target and the prescribed dose. Each scan in 
the sequence preceded by ramping and repeated a pre-
scribed number of times. Typically 4 to 8 re-scans are 
required to reach acceptable dose homogeneity within the 
target. Figure 2 (left) shows the current implementation of 
the re-scanning sequence. The total treatment time for this 
implementation with 8 re-scans is around 100s.  

Ongoing Implementation of Re-scanning 
In order to improve the efficiency of the mobile tumour 

irradiation we considered 2 possible potential improve-
ments: commissioning of the energy changes in reverse 
(up-going) direction and elimination of full ramping be-
tween scans.  

First, we developed beam line settings for reverse ener-
gy sequence which allow us to re-scan the target changing 
the energy in both directions. Choosing the beam settings, 
we had to make sure that the transverse beam positions as 
well as range of the proton beam at the iso-center remain 
invariant for both energy directions within allowed toler-
ances.  Figure 3 shows the result of the tuning process. 
Blue markers indicate the position for down-going ener-
gies measured at the iso-center. Green markers indicate 
measured position for the reverse energy direction. This 
data was obtained using beamline settings which were 
delivered during the technical commissioning of Gantry 
2. To correct the beam position, we used a set of steering 
magnets and the last bending magnet on the gantry (see 
Fig. 1). From the measured position offsets at iso-center 
we calculated the corresponding change in the currents set 
on these magnets. The verification run with corrected 
beamline settings demonstrated that the transverse beam 
position deviation between down and reverse energy 
directions is less than 0.2 mm for all energies (red mark-
ers in Fig. 3).  

To validate the proton range we used in-house devel-
oped equipment. This is a Multi-Layer Ionization Cham-
ber (MLIC) with parallel readout which is fully integrated 
into our control system [8]. The results for the range 
measurements showed a maximal deviation of 0.2 mm 
between beams with down and reverse energy directions. 
This discrepancy is well within the clinically allowed 
tolerance therefore we did not perform any additional 
corrections.         

 
Figure 3: Results for the ‘Up-direction’ beam tuning in a 
transverse plane perpendicular to the beam line. 

 
The second part of the optimization was the elimination 

of a full magnet ramping between scans. The complete 
elimination of the ramping would lead to a changeable 
offset of the magnetic field over scans since each loop 
will have a different hysteresis cycle. Our solution is 
based on the assumption that as long as we follow the 
same full hysteresis loop the resulting magnetic field 
would change correspondingly independently on dynamic 
of the path. This approach assures the reproducibility of 
the delivered beam position. The right plot in Figure 2 
shows an optimized delivery of the re-scanning method 
containing both energy direction changes and a mini-
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mized ramping between scans. Using the optimized re-
scanning method a patient field with 8 re-scans will re-
quire only 50 s of irradiation time.  

Patient Specific Calibration 
In proton therapy the commonly used tolerance for the 

delivered beam position is 1.5 mm. Even though we force 
our magnets to repeat the same magnetization cycle there 
is still a possibility of inconsistency between hysteresis 
loops which would introduce an offset in beam position. 
In addition, we know that for the last bending magnet the 
lamination does not eliminate completely the effect of 
eddy currents. Thus, highly dynamic beam delivery is still 
leading to non-negligible beam position errors of larger 
than 1.5 mm.  These uncertainties are field specific; there-
fore we compensate them by field specific corrections. 
Prior to the treatment each field is applied at least once 
during the patient verification run.  The on-line position 
monitoring system [9] records the position of each spot 
during this application. Full flexibility in Gantry 2 control 
system allows us to feed calculated position correction 
offsets for each single spot back into our delivery system 
for patient delivery [10].  

RESULTS 
After the technical commissioning the final validation 

of the new re-scanning method for a therapy system must 
be performed using a real patient case. For this purpose, 
we used a dose plan prepared for one of the Gantry 2 
patients who was treated with a re-scanning technique. 
We used this plan to generate machine file with 4 re-scans 
(same number as was used for treatment) using energy 
changes in both directions and optimized ramping. We 
used our on-line monitoring system to measure the beam 
position residuals for all spots of the plan. The result for 
this measurement is shown in Figure 4. All the dose spots 
were delivered with a precision of better than 1.5 mm. 
Dose spots containing 99.5% of the total dose are deliv-
ered with a precision of better than 0.5 mm fulfilling 
clinical requirements. 

We used MLIC to compare the proton range of beams 
with the same energy which were delivered in the down- 
and the reverse energy sequences. 

Figure 4: Beam position residuals for patient plan valida-
tion. 

Figure 5 shows the results for several energies from the 
patient field. In general the residuals between both energy 
directions are better than 0.5 mm. Larger deviations were 
confirmed to be due to the signal quality/reconstruction 
problems for low-weighted dose spots. 

Figure 5: Proton beam range residuals between down-
going and reverse energies for patient plan validation. 

DISCUSSION 
We demonstrated that a high beam delivery precision 

required for patient treatment can be maintained also for a 
system with highly dynamic energy modulation. The time 
benefit for treatments exploiting re-scanning technique 
can rise up to a factor of 2. For those cases where re-
scanning has to be combined with other motion mitigation 
techniques like gating the time benefit will be even more 
pronounced. 
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