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Agenda

1. Commissioning of Novel 

Gantry-Less Proton 

Therapy System

2. Motion Management: 

Optical Respiratory 

Monitoring
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Location and timeline

• 2018: Start of accelerator component

fabrication

• 2019: Accelerator assembly and physical

launch (4 months)

• 2019 – 2020: Patient positioning and imaging

system assembly and testing

• 2021: Approval from local (Israeli) authorities

to use radiation mode

• 2022: Facility final tuning and commissioning

• 2023: FDA approval

• 2023, March 31: first patient
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Single room compact synchrotron-based facility

16 bending magnets up to 1.9 T

16 horizontal and 4 vertical electromagnetic 

correctors

4 right gaps 

1 RF station up to 15 MHz

1 electrostatic deflector up to 100 kV

8 BPMs

1 beam current sensor and 4 luminophores

Synchrotron Main Components

Energies for treatment, MeV 70 - 250

Intensity of extracted beam, p/s 2×109

Dsynchrotron, m 5

Maccelerator, tons 15

Average energy consumption, kW 30

Synchrotron Main Parameters
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Beam delivery system

1. Vertical electromagnetic correctors

2. Horizontal electromagnetic corrector 

3. Beam control module (BCM) 

4. Focusing quadrupoles

5. Scanning magnets

6. Fast magnetic shutter (FMS)

External devices

11. Removable Faraday cup 

12. Lasers

Dose Monitoring System (DMS)

7. Film based particle counter

8. ionization chamber IC128 by Pyramid 

Technical Consultants

9. Video camera-based beam position 

detector

10. Magnet-based beam position detector 
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PAtient Robotic posiTioning and Imaging System 

(P-ARTIS) 
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Beam spot profiles

Spot positioning and profile were evaluated using independent devices, including the built-in

positioning sensors, the IBA Lynx, and Gafchromic EBT3 films. Spot positioning reproducibility was

consistent within±1 mm



8/28/2023 |

Author
Division

8/28/2023   | Page 8

IDDs and absolute dose values

• Ionization chambers (PTW Bragg Peak

Chamber 34070/34080, Roos 34001) and a

PTW MP3 water tank were used.

• The total amount of protons was 1.681×1011 

per plan.

• TRS-398 coefficients:

0.999 ≤  𝐾𝑠  ≤ 1.019

0.993 ≤  𝐾𝑝𝑜𝑙  ≤ 1.010

1.015 ≤  𝐾𝑇𝑃  ≤ 1.019

1.000 ≤  𝐾𝑄𝑄0  ≤ 1.002 

• The maximum deviation between measured

and planned dose was less than 0.6%

Energy accuracy was±0.1 MeV

Distal R90 values reproducibility were within±0.1 mm
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Treatment planning validation 

• RayStation version 10B (RaySearch

Laboratories AB, Stockholm, Sweden) was

used for treatment planning.

• IBA MatriXX was used.

• The results of gamma analysis (3%, 3 mm)

demonstrated pass rates greater than 95%.
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Extracted beam time structure

• The minimum planned spot length and the 

time between two consecutive spots are 

both 5 ms. 

• The technical limit for spot length is 0.6 ms.

• Extraction rates:

• 7.3×108 protons/second @ 70 MeV

• 2.4×109 protons/second @ 250 MeV
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Clinical workflow demonstration 
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Ultra-low intensity extraction mode for 

proton radiography and CT
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Commissioning Conclusions

• A novel single-room compact synchrotron-based gantry-less proton therapy facility

was successfully commissioned.

• After commissioning, the facility began treating patients on March 31, 2023. It is the

first proton therapy facility in Israel and the entire Middle East region.

• The first clinical program is designed for 100 patients with head and neck, brain,

thoracic and abdominal tumors. It runs from April 2023 to October 2024.

• This facility can be easily upgraded to 330 MeV maximum proton energy and low-

intensity extraction, allowing the use of proton imaging.
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Agenda

1. Commissioning of Novel 

Gantry-Less Proton 

Therapy System

2. Motion Management: 

Optical Respiratory 

Monitoring
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High-speed low-noise optical respiratory monitoring for 

spot scanning proton therapy
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PRS: Principle of operation. Physics

• PRS (Protom respiratory sensor) monitors 

the motion of a moving surface and 

generates a signal proportional to its relative 

displacement. 

• The LED array emits a cone shaped infrared 

beam (λ = 940 nm) that is reflected by the 

surface. 

• Respiratory motion → distance change 

between the sensor and the surface →  

increase or decrease of the reflected 

radiation flux. 

• The sensor output, which is proportional to 

the inverse square of the distance D, 

represents the motion signal Uout(D) in real 

time.
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PRS: Principle of operation. Schematics

• (a) the amplitude modulated pulses for the 

LED array

• (b) the received reflected pulses after 

passing through the band-pass filter

• (c) the integrator trigger pulse, 

• The clock signals  (d) for the analog-to-

digital converter (ADC) 

• (e) for the digital-to-analog converter (DAC)
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Sensitivity

𝑆 =
∆𝑈𝑜𝑢𝑡

∆𝐷

The sensitivity (S, mV/mm) quantifies how the sensor responds to surface 

motion at a certain distance. ∆Uout – output signal change in mV, ∆D – 

surface displacement in mm. 
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Linearity

• 𝑈𝑙𝑖𝑛 𝐷 = 𝑎1𝐷 + 𝑎2

• Ulin – output value for the linearized 

characteristic, a1, a2 – linear coefficients

• The deviation of the experimental

characteristics from the modeled function

was described by the absolute nonlinearity

(ANL)

• 𝐴𝑁𝐿 =
𝑈𝑙𝑖𝑛−𝑈𝑒𝑥𝑝

𝑆 𝐷

• Uexp – output value for the experimental 

characteristic

The transfer characteristic of PRS at the 

nominal distance of 0.4 m
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Noise

𝑈𝑅𝑀𝑆 𝐷 =
σ𝑖=1

𝑛 𝑈𝑖 − ഥ𝑈 2

𝑛

𝑆𝑁𝑅 𝐷 = 20 𝑙𝑜𝑔10

𝑈𝑅𝑀𝑆 𝐷

𝑁𝑅𝑀𝑆 𝐷

Ui – instantaneous voltage signal value, ഥ𝑈 – mean voltage 

signal value, n – number of instantaneous values used for 

the calculation of the mean

URMS – RMS value of the respiratory signal, NRMS – RMS 

value of the noise signal
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Time delay

1.2 ± 0.2 ms (mean ± standard deviation).
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Respiratory monitoring with a volunteer

• Respiratory signals acquisition was carried

out with a healthy 28-year-old volunteer

dressed in a black cotton T-shirt.

• The PRS was placed on the laboratory table

and the volunteer was positioned in a chair.

• The PRS was directed at the chest of a

volunteer using the built-in laser pointer.

• The respiratory signals were obtained at free

breathing pattern at distances of 0.4 m, 0.6

m, 0.8 m and 1.0 m, and at 0.6 m with a

deep-inspiration breath-hold and a breathing

pattern with intentional irregularities.
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Respiratory monitoring with a volunteer

An example of the respiratory signal from a

human volunteer recorded for distances of

(a) 0.4 m, (b) 0.6 m, (c) 0.8 m, (d) 1.0 m.

(right)

An example (a) with intentional

irregularities and (b) with deep-inspiration

breath-hold recorded for a distance of 0.6

m. (left)
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Comparison of Surrogate Motion Monitoring Systems
System Principle of operation Patient contact

Application to proton 

therapy
Distance range Accuracy (noise, SNR) Time delay (sampling rate)

RPM
Tracking of marker position using CCD 

camera
No contact, marker yes NA 1.1 ± 0.9 mm

~160 ms

(30 Hz)

Catalyst

Building the patient’s surface map by 

high definition cameras and light 

emitters

No contact, no marker yes NA

< 0.5 mm

(Noise < 0.1 mm, SNR ≥ 14.6 

dB)

(> 15 Hz)

AlignRT
3D model of patient surface based on 

data from two stereo cameras
No contact, no marker Yes 2.7 m

0.2 ± 0.1 mm

(Noise < 0.5 mm)

up to 529 ms

(6.5 Hz)

AZ-733VI
Belt with pressure sensor and laser 

distance sensor

No contact (laser) and 

contact (belt)
yes

< 0.25±

0.15 m (laser)
(SNR ≥ 28 dB)

3 ms

(40 Hz)

Polaris SPECTRA
Detection of markers position based on 

photogrammetry
No contact, marker yes 1.5 m (Noise < 0.06 mm) 16.6 ± 1.0 ms

(60 Hz)

Aurora V3 Electromagnetic field measurement No contact, marker yes 0.36 m (Noise < 0.2 mm)
31.6 ± 1.0 ms

(40 Hz)

Microsoft Kinect
High-resolution camera and time-of-

flight sensor
No contact, no marker NA 0.5-4.5 m (Noise < 2 mm for 1-2 m) (30 Hz)

SDX Spirometry Contact yes NA NA NA

Laser-based Laser distance measurement No contact, no marker NA 0.05 - 0.15 m (SNR = 207 for 10 mm motion) (2 kHz)

MEMS-based
Magnetic field measurement using a 

MEMS-sensor
Contact NA ≈ 0.3 m < 0.088 mm (< 250 Hz)

CMS Electrical capacitance measurement No contact, no marker NA < 0.1 m (SNR ≈ 11) (200 Hz)

Bio-impedance-

based
Electrical bioimpedance measurement Contact NA NA (SNR = 3.98) 33 ms

PRS IR radiation flux measurement No contact, no marker NA 0.4-1.2 m
(Noise < 0.6 ± 0.1 mm

SNR > 15 dB)

1.2 ± 0.2 ms

(≈ 1 kHz)
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Optical Respiratory Monitoring Conclusions

• A novel optical respiratory sensor that does not require patient attached markers was 

investigated and found to be appropriate to use in spot scanning proton therapy. 

• In future use the sensor combined with a fast respiratory signal processing algorithm 

may provide accurate beam control and a fast response in patients irregular 

breathing movements during spot scanning proton therapy. 

• A careful study of correlation between the respiratory signal and 4DCT data of tumor 

position will be required before clinical implementation.



8/28/2023 |

Author
Division

8/28/2023   | Page 26

Conclusions and Outlook

➢ The novel gantry-less proton therapy

system has been commissioned and is in

clinical use.

➢Developed new high-speed low-noise

optical respiratory monitoring sensor

technology suitable for spot scanning

proton therapy

Thank you for your attention!


	Slide 1: Innovative Developments in Spot Scanning Proton Therapy and Motion Management
	Slide 2: Agenda
	Slide 3: Location and timeline
	Slide 4: Single room compact synchrotron-based facility
	Slide 5: Beam delivery system
	Slide 6: PAtient Robotic posiTioning and Imaging System (P-ARTIS) 
	Slide 7: Beam spot profiles
	Slide 8: IDDs and absolute dose values
	Slide 9: Treatment planning validation 
	Slide 10: Extracted beam time structure
	Slide 11: Clinical workflow demonstration 
	Slide 12: Ultra-low intensity extraction mode for proton radiography and CT
	Slide 13: Commissioning Conclusions
	Slide 14: Agenda
	Slide 15: High-speed low-noise optical respiratory monitoring for spot scanning proton therapy
	Slide 16: PRS: Principle of operation. Physics
	Slide 17: PRS: Principle of operation. Schematics
	Slide 18: Sensitivity
	Slide 19: Linearity
	Slide 20: Noise
	Slide 21: Time delay
	Slide 22: Respiratory monitoring with a volunteer
	Slide 23: Respiratory monitoring with a volunteer
	Slide 24: Comparison of Surrogate Motion Monitoring Systems
	Slide 25: Optical Respiratory Monitoring Conclusions
	Slide 26: Conclusions and Outlook

