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Purpose: Radiography and tomography using proton beams promise benefit to image guidance and

treatment planning for proton therapy. A novel proton tracking detector is described and experimental

demonstrations at a therapy facility are reported. A new type of proton CT reconstructing relative

“scattering power” rather than “stopping power” is also demonstrated. Notably, this new type of

imaging does not require the measurement of the residual energies of the protons.

Methods: A large area, silicon microstrip tracker with high spatial and temporal resolution has

been developed by the Proton Radiotherapy Verification and Dosimetry Applications consortium and

commissioned using beams of protons at iThemba LABS, Medical Radiation Department, South

Africa. The tracker comprises twelve planes of silicon developed using technology from high energy

physics with each plane having an active area of ∼10×10 cm segmented into 2048 microstrips. The

tracker is organized into four separate units each containing three detectors at 60◦ to one another

creating an x-u-v coordinate system. Pairs of tracking units are used to reconstruct vertices for protons
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entering and exiting a phantom containing tissue equivalent inserts. By measuring the position and

direction of each proton before and after the phantom, the nonlinear path for each proton through an

object can be reconstructed.

Results: Experimental results are reported for tracking the path of protons with initial energies of

125 and 191 MeV. A spherical phantom of 75 mm diameter was imaged by positioning it between

the entrance and exit detectors of the tracker. Positions and directions of individual protons were used

to create angular distributions and 2D fluence maps of the beam. These results were acquired for

36 equally spaced projections spanning 180◦, allowing, for the first time, an experimental CT image

based upon the relative scattering power of protons to be reconstructed.

Conclusions: Successful tracking of protons through a thick target (phantom) has demonstrated that

the tracker discussed in this paper can provide the precise directional information needed to perform

proton radiography and tomography. When synchronized with a range telescope, this could enable

the reconstruction of proton CT images of stopping power. Furthermore, by measuring the deflection

of many protons through a phantom, it was demonstrated that it is possible to reconstruct a new kind

of CT image (scattering power) based upon this tracking information alone. C 2016 Author(s). All

article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC

BY) license (http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1118/1.4965809]

Key words: proton therapy, particle therapy, silicon strip detector, dosimetry, proton computed

tomography

1. INTRODUCTION

Although the majority of radiotherapy is still carried out with

x-ray beams, a growing number of facilities are now offering

charged particle radiotherapy with protons or heavier ions. The

advantage of this kind of treatment lies in the dose distribution

of charged particles when compared with x-rays. Charged

particles (unlike x-rays) deposit the greatest dose toward the

end of their range as they come to rest. This region is known

as the “Bragg peak” and allows the energy of the charged

particle beam to be tuned so concentrating the maximum dose

of the beam at a specific location in the body. As such, imaging

techniques are critical to ensure that the Bragg peak is located

in the tumor and not in the organs and healthy tissue that

surround it. An uncertainty on the tumor location or tissue

properties at the imaging and treatment planning stage can

result in the range of the treatment beam being miscalculated.

This may result in an unwanted dose being given to healthy

tissue or the tumor not being given the required dose. At

present, x-ray CT scans are the usual way to plan a treatment of

proton therapy. However, due to the interaction of x-rays and

protons with matter being so fundamentally different, the use

of an x-ray CT scan to plan a proton therapy treatment results

in errors that propagate through the plan into the range of the

treatment beam. Ultimately, this affects the amount of healthy

tissue that is irradiated during a treatment and could lead

to incomplete irradiation of the tumor. It has been proposed

that a large portion of this error could be eliminated if it were

possible to carry out a number of proton radiographs, or indeed

a full proton CT (pCT) scan, allowing treatment planning

from a pCT rather than an x-ray CT. Several experimental

efforts are underway to achieve this,1–4 many of the details

of which are summarized and compared here.5 The method

discussed in this paper is not proposed as sufficient by itself

for the planning of proton therapy treatment, but rather a

complimentary technique to x-ray CT or standard stopping-

power pCT itself.

A typical pCT design is depicted in Fig. 1, although the

detector technology used varies widely between prototypes.

Such devices contain two detector systems. The first is

a set of tracking detectors to provide information on the

spatial location of protons as they enter and exit the

object to be imaged, and the second is a detector to

determine the residual energy or range of the protons after

they emerge from the object. In this work, however, we

demonstrate a simplified form of tracker-only pCT based on

scattering, which does not require the use of a range-energy

instrument.

The construction of a proton imaging modality is not trivial

to achieve. Any system that hopes to provide a high-resolution

CT image using protons must be able to correlate multiple

measurements of individual protons for a large number of

histories in a reasonable time. In particular, for the tracking

detector (the focus of this paper), it is necessary that the

instrument meet the following requirements:

• High-speed readout: Protons must be individually

tracked many millions of times per second with a high

efficiency so acquiring an image with a sufficient number

of proton histories and a sufficient number of projections

in a reasonable time.

• High efficiency: The individual efficiency of the detec-

tors and the overall efficiency for tracking the protons

through the system must be high, such that an image is

acquired in the shortest possible time with the lowest

possible dose to the patient.

• High spatial resolution: The location (and direction) of

protons must be known with sub-mm precision in order

for the acquired image to have sufficient resolution to be

clinically useful.
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F. 1. Conventional pCT system concept. Pairs of tracking units labeled

here as “proximal” and “distal” describe the trajectory (dashed line) of

individual protons through the object to be imaged. A residual energy or

range detector placed downstream infers the residual energy of the individual

protons after they have been tracked.

• Low mass: The tracking detectors themselves should

be thin, low mass devices that are relatively transparent

to the particles they are trying to measure. This means

that the total fractional radiation length (x/X0) of the

instrument must be sufficiently low that the spatial

resolution of the tracker is not compromised by the

multiple-Coulomb scattering (MCS) that the protons

undergo whilst traversing it.

• Radiation hard: The detectors and readout electronics

are situated directly in the beam and if used for beam

monitoring (as well as pCT) must deliver the same

stable signals over many cycles of treatment and QA. As

such, they must be able to withstand the radiation from

the treatment beam with its ionizing and nonionizing

components.

In this paper, we report on progress made by the Pro-

ton Radiotherapy Verification and Dosimetry Applications

(PRaVDA) consortium6 in developing and testing a silicon

tracker for pCT imaging and dosimetry that meets the

above requirements.5,7–10 The silicon microstrip detectors

and readout used were adapted from designs made for the

ATLAS experiment based at the High Luminosity Large

Hadron Collider (HL-LHC) in CERN, Geneva. Such detector

technology has a proven history of providing high efficiency,11

high precision tracking information at MHz rates, and with

excellent radiation hardness characteristics.12–15

2. MATERIALS AND METHODS

2.A. The tracking detector

The tracker comprises twelve detectors separated into four

units each containing three detectors. Two units are placed

on either side of the phantom to be imaged as shown in

Fig. 2. Each tracking unit has its three detectors held at

an angle of 60◦ with respect to one another in an x-u-v

coordinate system which allows the measurement of multiple

particles simultaneously whilst minimizing ambiguities in

the reconstructed hits and tracks. Assembly, construction,

and readout of the tracking units are discussed in more

detail here.16 Each silicon microstrip detector has a nominal

thickness of 150 µm and is made from n-in-p silicon

F. 2. The PRaVDA silicon tracker setup on an optical bench situated in the

proton vault at iThemba LABS. The phantom is situated in the spacing that

can be seen between the front and back pair of tracking units.

segmented into 2048 strips, with 1024 readout on each side

of the detector. Each strip has a pitch of 90.8 µm and a length

of 4.8 cm and is wire-bonded to a custom built application-

specific integrated circuit (ASIC) for readout. The ASIC is

designated rapid high-speed extended ASIC (RHEA) and the

chip is a binary device outputting a strip address when a signal

is detected over a certain threshold. There are two tunable

thresholds in order to allow the presence of a double hit

on each of the strips, the likelihood of which increases for

high fluence. If multiple events are detected during a single

readout cycle with small spatial separation, the probability

of charge being deposited on the same strip increases. In

this case, the presence of a hit above both thresholds can

be used along with the spatial information from the strip

address to disentangle the events in the tracking routine.

Further details on the layout and electrical characteristics of

the sensor and RHEA chip are reported here.17 The sensitive

area of the detectors was constrained by the available space

on a standard 6-in. silicon wafer and when arranged in the

proposed x-u-v configuration provides an imaging area of

∼9 cm diameter.

To produce the tracks of protons passing through the

phantom, data recorded from each ASIC comprise both a

strip address and a time stamp. These data are sampled by the

RHEA chip at a rate of 104 MHz.

This allows a maximum of four channels to be readout

from each ASIC. This gives the possibility to detect up to four

separate protons per ASIC per readout cycle when the system

is triggered using a signal from the (iThemba) separated sector

cyclotron RF with its beam spill repetition rate of 26 MHz. By

correlating the position (strip address) and time (stamps) of

events across planes, proton “hits” are reconstructed in each

tracker unit by forming an effective pixel using the crossing

of the strips from two or three of the planes. The vector

joining two of these pixels in separate units describes the

trajectory of the proton as it enters and exits the phantom. The

use of three silicon planes for each coordinate measurement

allows the possibility to cope with high fluence since there is

an additional piece of positional information available and

an angle between the planes of <90◦ which reduces the

number of ambiguous hit locations when multiple particles

are present.11 It also supplies an element of redundancy to the

reconstruction such that events that pass through dead or noisy

Medical Physics, Vol. 43, No. 11, November 2016
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channels on a layer can still be reconstructed (or corrected)

provided reliable information can be extracted from the other

two layers in the tracking unit. This allows for a higher overall

tracking efficiency than that available for a tracker comprised

of only eight planes orientated only in orthogonal pairs for

obtaining x and y positions (the typical configuration in pCT

prototypes).

2.B. Experimental facilities and acquisition

The tracker and phantom were irradiated in the “proton

vault” at iThemba LABS, South Africa where beams of

protons are available up to a nominal energy of 191 MeV

(240 mm range in water). The beams are produced by a

cyclotron and are made available for both experimental work

and proton therapy with a diameter up to 10 cm. In order to

produce a beam of this size with the required symmetry and

uniformity, a number of different scattering and collimation

components are used upstream of the final nozzle in the vault.

In order to produce the lower energy beams typically needed

for proton therapy (and made use of in this work), a pair of

graphite wedges can be inserted into the path of the beam

degrading the energy down to a minimum range of 30 mm

in water (∼55 MeV). These degraders are situated before

the proton vault which contains a large area transmission

ionization chamber used to monitor the fluence. The range

of currents available from the cyclotron can be varied such

that the proton current available in the vault is in the range

from 0.1 to 100 nA. In order for the cyclotron to provide stable

lower currents, i.e., <1 nA used in this work, filters applied

after the ion source can reduce stable higher currents by a

factor of 10−2 or 10−4.

For the work presented here, beams with proton kinetic

energies of either 191 or 125 MeV were selected. The

191 MeV selection was used for setup, alignment, and

calibration of the tracker, and the experimental data for the

CT scan were taken with the 125 MeV beam. We note that

an incident energy of 125 MeV (118 mm in water) is lower

than would be necessary for clinical imaging of most body

sites on most subjects. However, the value was appropriate

for the object imaged, the size of which was limited by the

area of the prototype tracking detectors. A collimated beam

of 85 mm diameter and a low proton current of ∼105 cm−2 s−1

were used in order for data acquisition and tracking to be as

straightforward as possible. Data were acquired for a total of

6 s per projection in order to acquire enough events to fill

the available local memory attached to the readout of each

layer. A total of 36 equally spaced angular projections were

acquired spanning 180◦, with between 15 and 50×106 events

reconstructed per projection.

The object imaged in this experiment was a spherical

phantom of poly(methyl methacrylate) (PMMA) with a

diameter of 75 mm. This was suspended in between the

second and third tracking units (see Fig. 2) on a rotary stage.

Situated inside the phantom were several cylindrical inserts

of materials, three of which were high contrast with respect

to PMMA (lung and cortical bone tissue substitutes and an air

cavity).18

2.C. Scattering power and pCT reconstruction

Scattering power, ti, of a material, i, is defined as the rate-

of-change of mean-square scattering-angle with depth, such

that

ti =
dϑ̄2

dz
, (1)

where ϑ is the total angular deflection at a depth z in a material

and the bar denotes the mean for a large ensemble of particles.

The mechanism underlying the increase in deflection with

depth is MCS. The relative scattering power can be defined as

ρi =
ti

tw
, (2)

where tw is the scattering power for water.

In this work, CT reconstruction was implemented to

reconstruct relative scattering power. The total deflection-

angle squared was determined for each proton based on

the measurements of spatial position in each of the four

tracker units. The total mean-square angular deflection can

be approximated as

ϑ2= (Ωx,in−Ωx,out)
2
+
�

Ωy,in−Ωy,out

�2
, (3)

where Ωx and Ωy refer to the direction cosines of the

proton in x and y directions, respectively, orthogonal to

the beam direction. The subscripts in and out refer to the

proton direction determined from the first and second pairs of

detectors, respectively. A small-angle approximation has been

assumed, i.e., sin ϑ≈ ϑ.

The reconstruction method was a modified implementa-

tion of a backprojection-then-filtration algorithm presented

elsewhere.19 In that work, the water-equivalent path-length

(WEPL) for each proton (in terms of energy loss) was

backprojected along a cubic-spline estimate of its nonlinear

path in the subject. This allowed reconstruction of a 3D

image of relative stopping power. Here, instead, the squared

deflection angle for each proton was backprojected, producing

a voxel-dependent estimate of mean-square angle in each

projection. Prior to the summation of contributions from all

projections, the mean-square angle in each voxel was con-

verted to water-equivalent path-length (in terms of scattering)

using a relationship derived from Monte Carlo simulations.

Monte Carlo calculations were performed for 125 MeV

protons incident on water slabs of thicknesses ranging from 2

to 110 mm, using the  code.20 From these simulations,

the relationship between mean-square scattering-angle and

water-equivalent path-length was determined. Successive

3-sigma and then 2-sigma cuts on positional and angular

deflection were applied to the exiting protons, to suppress

contributions from the single-scattering tails of MCS and from

inelastic nuclear interactions. The same cuts were applied to

the projection images of the test phantom.

CT reconstruction was performed using 15×106 protons

per projection (a total of 540×106 protons over 36 projections)

with a voxel size of 1 mm3. Postprocessing with a 3D Gaussian

filter of width 0.7 mm was applied to suppress noise.

Medical Physics, Vol. 43, No. 11, November 2016
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F. 3. Radiographs based upon measured fluence shown with bins of 400 µm for the degraded 125 MeV proton beam passing through an 85 mm diameter

collimator. Measurements are shown for the first tracking unit (a), situated closest to the collimator, and the fourth tracking unit (b) situated furthest from the

collimator and after the phantom. Dispersion of the beam and the edge of the spherical phantom are clearly visible in (b) along with the appearance of three high

contrast inserts. The beam is traveling along the z-axis.

3. RESULTS

For the chosen p CT energy of 125 MeV, the probability of

tracking a proton between pairs of successive layers was found

to have a mean value of >93%, and the total proportion of

events tracked through the complete system with the phantom

in place was found to be >80% when normalized to the mean

events per layer seen in the first tracking unit.

The data describing the reconstructed hits in each of the

tracking units can be represented as a fluence map, examples

of which are shown in Fig. 3. Areas of lower efficiency are

visible where only two planes can be used for reconstruction

due to dead or noisy strips that were turned off in the DAQ or

subsequent analysis. These channels represent 1% of the total

channels in the tracker, a level that was deemed satisfactory

for a prototype device. In future measurements, improved

calibration for noisy channels could reduce this proportion

further and in a fully commercial system selection criteria for

detectors and ASICs could be applied such that each tracking

layer had no defective channels present.

In addition to enabling the determination of fluence maps,

the positional information from each tracking unit can be

used to give a measurement of the properties of the proton

beam, such as the lateral angles ϑx and ϑy in the planes

orthogonal to the beam direction. These are shown for 125

and 191 MeV protons passing through the tracker without the

phantom, as well as for 125 MeV protons with the phantom

in place in Fig. 4. The asymmetry between ϑx and ϑy and

the small difference in FWHM are attributed to imperfect

alignment of the tracker planes to each other resulting in

a slight bias in the resolution of y over x. The change in

the angular distributions for the degraded 125 MeV proton

beam is relatively small when compared with the full energy

191 MeV beam due to the degraders being several meters

F. 4. Deflection angles of protons into the x (a) and y (b) planes which are the axes orthogonal to the direction of motion of the beam. These angles are

measured by subtracting the “incoming” angle measured with the first pair of tracking units from the “outgoing” angle measured second pair of tracking units.

Distributions are shown for the full energy beam, the degraded 125 beam and the 125 MeV beam with the phantom in place, each with an 85 mm collimator.

Medical Physics, Vol. 43, No. 11, November 2016
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F. 5. Relationship between water-equivalent path-length and mean-square

scattering angle, as derived from Monte Carlo simulations.

from the isocenter (phantom/patient location) before which

the beam is collimated several times removing any protons

that have undergone large angle scattering.

The scattering power pCT reconstruction was created by

combining the positional information from the four tracking

units. The Monte Carlo-derived relationship between WEPL

and mean-square scattering angle is presented in Fig. 5. A

reconstructed slice through the phantom is presented in Fig. 6

along with a conventional x-ray image of the same slice

location. The tissue-substitute materials are clearly visible.

The imaging dose for the pCT scan was estimated as 1.3 cGy

at the center of the phantom (assuming a tracking efficiency of

80% for incident protons). In Fig. 7 a line profile is shown cor-

responding to the horizontal line in Fig. 6. Note that the back-

ground material (PMMA) is expected to have a relative scat-

tering power close to one, as the lower effective atomic number

compared to water is compensated for by a higher density.21

4. DISCUSSION

The results from the tracking detector system demonstrated

a high efficiency for track reconstruction (>80%). This is

F. 7. Line-profile of relative scattering-power. The data correspond to the

horizontal row indicated by a pair of lines in Fig. 6.

noteworthy as the implication of a low efficiency would be

a higher imaging dose for a patient. Note that a proportion

of event losses was due to proton inelastic interactions in

the phantom and not entirely due to limitations in detection

efficiency.

The first important element of novelty in this work is a

unique proton tracking detector system in the context of proton

therapy that utilizes radiation hard silicon strip detectors in a

nonorthogonal configuration. This has been demonstrated to

provide a high track-reconstruction efficiency but will also

enable operation at high fluence rates for treatment beam

monitoring.

A second important innovation was the reconstruction of

the first experimental images for proton scattering CT. Given

the low number of projections used for reconstruction and

the prototype nature of the detector system, the image quality

is very encouraging. This modality requires only a tracking

system (no energy or range detector). Relative scattering-

power images may be useful in several ways, such as imaging

guidance with a simplified pCT system and in providing

F. 6. Slice images of the PRaVDA tissue-substitute phantom using: (a) x-ray CT and (b) proton scattering-power CT. The insert materials present are lung

substitute (top), cortical bone substitute (bottom right), and air (bottom left).
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valuable information for dose calculations (scattering-power

in the patient determines the lateral spread of the treatment

beam with depth). In future studies, experimental calibration

of the system using a set of plastic slabs is planned. This will

enable an improved relationship between water-equivalent

path-length and mean-square scattering angle to be derived,

without resort to the modeling assumptions inherent in Monte

Carlo calculation.

It is appropriate to note that imaging using the angular

deflection of protons has been proposed before and planar

images of median scattering-angle have been demonstrated

experimentally.22 Tomographic reconstructions of inverse

scattering length (closely related to absolute scattering-power)

have been demonstrated in simulation.23,24 Further, we note

that nuclear scattering tomography (NST) with protons has

long been established, but this relies on very different

principles (wide-angle single scattering).25

In addition to demonstrating the first experimental CT

images using multiple scattering, there are two noteworthy

additional features of this work. First, the backprojection-

filtering approach proposed is a high-resolution algorithm

for proton scattering tomography accommodating nonlinear

proton paths. Second, the approach of reconstructing of

relative scattering-power rather than absolute scattering-

power has clear advantages, as the latter quantity is nonlocal

and a more problematic quantity.21 We note that a high-

resolution tracker-only pCT algorithm has recently been

proposed,26 but this was using an entirely different mechanism

for contrast: attenuation due to inelastic nuclear interactions.

Future work will report on the addition of a “range-

telescope” to infer each proton’s exit energy (as illustrated

in Fig. 1). This will permit reconstruction of relative stopping

power in addition to relative scattering-power. The complete

PRaVDA system will provide a prototype of the first fully solid

state pCT scanner constructed using silicon detectors for both

the tracking and residual-range measurements of protons.

We note that in order to image larger, more clinically

relevant areas using the scattering power technique, higher

energy beams of protons would be required. This would ensure

both that the protons can pass through the object with adequate

momentum to be measured and also that they have undergone

a sufficiently low amount of MCS such that the information

on their trajectory can still be reliably extracted. Simulations

by our group have suggested that scattering-power pCT has

comparable spatial resolution to stopping-power pCT with

patient-sized objects, albeit with substantially higher noise. A

detailed comparison of the techniques, however, is beyond the

scope of this work.

5. CONCLUSION

Beams of protons with nominal energies of 125 and

191 MeV were successfully tracked through a phantom

containing inserts of different tissue equivalent material. This

was carried out using a novel tracker system of silicon

microstrip detectors. During the pCT scan, a high track-

reconstruction efficiency was demonstrated (>80%) and using

the tracking system, a new type of tracker-only pCT was

demonstrated for the first time. In this new modality, the

contrast can be attributed to the scattering power of the

materials through which the protons pass.
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