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Challenges and Requirements for Proton Imaging
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Requirements for Proton Imaging:

1. The energy of the proton beam to pass through the
patient's body

2. Dose received per projection compared with modern X-
ray tomography systems

3. Range reconstruction accuracy is in mm or sub-mm range
4. Time to receive a 2D radiogram < 1 min
5. Statistically significant number of single protons in the

structure of the extracted beam

Proton Imaging Tasks:

1. Proton tomography to improve proton therapy treatment 

planning 

A direct method for calculating a three-dimensional 

relative stopping power map for protons

2. Proton radiography 

A tool for verifying the position of the patient

3. Proton tomography for primary or additional diagnostics

Possibilities for medical diagnostics of high-z implants
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Protom Synchrotron for Radiation Therapy
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Basic Facility. Synchrotron of the Proton Therapy Complex
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Range of accelerated proton energies, MeV 30 - 330

Range of energies for treatment, MeV 70 - 250

Acceleration time for 250 MeV, sec 0.9 

Intensity of extracted beam, protons per cycle up to 4×109

Outer diameter of the ring, m 5

Accelerator weight, tons 15

Average energy consumption during treatment, kW 30

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

Synchrotron Main Parameters
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Experiment. Setting the injection mode for low-intensity beam capture
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• The aperture of the vacuum 
chamber during injection is 
reduced due to the built-in 
ceramic phosphor

• Aperture size during injection 
is reduced to 5 mm

• The intensity decreases by 4 or 
more times

• The orbit is distorted

• Significantly improved stability

• It is necessary to introduce 
additional orbit correction by 
horizontal electromagnetic 
correctors
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Experiment. Setting a New Beam Extraction Mode
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• Reducing the number of injected protons (increasing stability) 
- the standard beam trajectory visualization device cuts the 
camera aperture from 20 to 5 mm

• Changing the exit orbit with the help of electromagnetic 
correctors

• Sweep frequency adjustment and target extension

• Setting up a feedback system
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Experiment. Development of a Single Proton Detector
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Photomultipliers PhM-84

Hamamatsu 

R6094,R6095

Oscilloscopes

(100 MHz)

Tektronix TDS 2014 

Aktakom ADS-2114T

Scintillator length, mm 50

Extracted beam energy, 

MeV

200

Beam Frequency for 200 

MeV, MHz

11.9
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Experiment. Detecting Device Calibrations
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Energy, 

Mev

PTW Bragg Peak 

Chamber, pC

Protom 

Faraday Cup, 

protons

220 20±2 5×106

220 3.8±0.4 1×106

220 2.1±0.2 5×105

250 19±2 5×106

250 3.9±0.4 1×106

250 1.9±0.2 5×105

Protom Faraday Cup

Waveform:

• the upper blue line is the signal
from the single proton detector

• the middle blue line is the signal
from the accelerating RF

• the lower green line is the signal
from the beam current sensor.

50 ns per division
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Experiment. Results of Single Proton Detection
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№ Beam extraction mode Expected events Measured events Error

1 dI=1, dT=1.52 ms 1924 1703 0.11

2 dI=2, dT=1.52 ms 3848 4653 0.17

3 dI=10, dT=1.52 ms 19242 16167 0.16

Detector signal amplitude, mV
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11



Experiment. Low intensity inference for space exploration
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Irradiation of a UIC1206 type CMOS matrix, photosensitive area
size 19×19 mm, format 1024×1024 b/w pixels, 180 nm.

Irradiation with different energies 50 - 200 MeV, particle flux no
more than 5×105 protons per square centimeter.

An irradiation uniformity of more than 85% was achieved.

Allows the use of low-intensity proton beam extraction not only for
visualization, but also for applied research, in particular space

Line section
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Facility upgrade. New devices 
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Dynamic scintillation film input module for beam extraction
control of beam in the low-intensity mode

• A technology for the production of thin films based on gadolinium oxysulfide and
zinc oxide has been developed

• Film thickness approx. 20 µm

• A dynamic delay device for a fast electromagnet has been developed, which makes
it possible to “kill” an uncontrolled beam at the beginning of a low-intensity output

The red line is the ADC
readings of the beam
extraction control system.

The black line is the
specified beam extraction.

The purple line is the
signal from the fast
electromagnet of the
extraction channel of the
accelerator.
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Facility upgrade. New Extraction Mode Architecture 
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Facility upgrade. Patient Positioning Device Integration
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2. Imaging Beam Development
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o Experiment. Complex Biological Structures

16



Modeling. 𝝈𝟐 as a function of number of directions and protons
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Different number of irradiation directions

Number of protons from all directions: 2.7×107

Number of irradiation directions: 90

Different number of protons from all directions

http://www.t
opasmc.org/

J Perl et.al,
"TOPAS: an
innovative
proton Monte
Carlo platform
for research and
clinical
applications."
Med Phys. 2012
Nov;
39(11):6818-37

http://www.topasmc.org/


Methodology. Algorithm and Stopping Criterion
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Least-squares iterative algorithm for list-mode pCT by ProtonVDA:

• Converges toward a unique solution that optimally fits the protons.

• Needs a stopping criterion for predictable statistical properties and consistent
image interpretation.

Stopping criterion:

• Correlations of relative stopping power(RSP) between voxels are relatively low.

• Useful for treatment planning, which relies on summing RSP in voxels along a
path.

• Proton WEPL noise can induce both correlations and anticorrelations in RSP noise.

Examples

• Fluctuation in the WEPL of proton A induces a correlation in the RSP of voxels 11
and 21.

• Upward fluctuation in voxel 21 combined with the WEPL constraint from proton B
induces an anticorrelation with voxel 12.
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Methodology. Algorithm and Stopping Criterion
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• Define a stopping criterion based on r

• r.m.s. dv = Distance to least-squares solution

• v = Estimated image noise.

• Calculate autocorrelation from average RSP correlations between
voxel pairs in a uniform region-of-interest versus distance between
voxels.

• In iterative reconstruction of pCT images, each iteration carries a high
computational cost. A stopping criterion is essential for limiting this
cost but must also consistently produce reasonable image quality in
terms of noise and spatial resolution.

19



Modeling. Homogeneous Water Phantom
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Simulation of an irradiation homogeneous cylindrical water phantom was 

carried out.

Number of protons from each of 90 directions = 6×105

One of the ROI layers for a

cylindrical water phantom.

Image from the TAPI program

𝜌𝑥,𝛿 =
1

𝑁
σ𝑖,𝑗,𝑘

(𝑅𝑆𝑃𝑖,𝑗,𝑘−𝑅𝑆𝑃)(𝑅𝑆𝑃 𝑖−𝛿 ,𝑗,𝑘−𝑅𝑆𝑃)

𝜎2
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Experiment. Custom Cylindrical Phantom
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ROI was a homogeneous area inside the [hantom(50 × 50 × 50 voxels)

Number of protons from each of 90 directions = 6×105

pCT slices, 1 mm thick



Experiment. Complex Biological Structures
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ROI was a homogeneous area inside biological structure (50 × 50 × 50 voxels)

Number of protons from each of 90 directions = 6×105

pCT slices, 1 mm thick
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Experiment. Complex Biological Structures. Spatial Resolution
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A pCT image of a pork

shoulder and ribs, there are

large correlations between

voxels for larger values of r,

and anticorrelations for smaller

values.

For r in the range of 0.5 to 1,

voxels are relatively

uncorrelated, and compared to

smaller values of r have lower

noise with only slight loss of

spatial resolution.

pCT slices, 1 mm thick
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Main Results
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1. A mode of operation of the synchrotron of the proton therapy complex has been developed, within which it
is possible to extract an ultra-low intensity beam.

2. A statistically significant fraction of single proton events in the structure of the extracted ultralow intensity
beam has been achieved.

3. An ultra-low intensity beam control system has been developed that allows the feedback system to operate in
the intensity range from 5 × 104 to 5 × 105 protons per cycle.

4. A calibration system for the ultra-low intensity beam monitoring and control module was proposed and
tested for use in the operating mode of the complex in conjunction with therapy.

5. A scheme for the modernization of proton therapy complexes, based on the synchrotron, for the
implementation of the proton imaging mode is proposed.

6. A methodology has been formulated for choosing the number of irradiation angles and the number of
particles used for proton imaging to optimize the process of object irradiation in order to obtain the quality
of proton images necessary for medical applications.

7. A Stopping Criteria for iterative reconstruction of relative stopping power based on autocorrelation function
is defined.
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Next Steps:

1. ProtonVDA pCT scanner integration to proton therapy facility.

2. NPS study for noise properties

Thank you for your attention!


