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Abstract

Proton beam therapy is the current state of the art for irradiation of cancerous tumors near vital organs. Proton imaging is a new
technology that images tumors with the same particle interaction as proton therapy, promising more accurate treatment preparation
compared to traditional computerized tomography scans. A specific proton imaging technique in development at Massachusetts
General Hospital requires an energy modulator that can fit inside the gantry nozzle. This work presents the design of a compact
proton beam energy modulator required for such imaging applications. A combination of steel and lead wedges was used to create
a balanced modulation wheel, with an axis of rotation perpendicular to the incident beam. The mechanical design also allows
interchangeable discs and precise position control. The modulator design was verified by testing on a proton beam line. The final
device achieved a wide range of energy modulation (21 cm water-equivalent thickness) while maintaining a constant exiting beam
angular spread meeting device requirements. This compact design facilitates proton imaging to be practically incorporated into
future gantry systems, which will advance proton treatment for tumors near vital organs.
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1. Introduction

Proton beam therapy is the preferred radiation treatment
method for treating cancers of vital organs such as brain, prostate,
and lungs and cancers in pediatric cases. The treatment is exe-
cuted by delivering protons of specific energies into a patient’s
body and taking advantage of Bragg peak of protons where the
majority of the dose is deposited at a specific depth. This dose
distribution provides accurately delivered ionizing radiation to
the targeted tissue while leaving nearby healthy tissue mini-
mally damaged [1]. For treatment planning, the patient’s tumor
and surrounding anatomy are imaged and modeled through the
use of a computerized tomography (CT) scan. Relative proton
stopping power of different tissues are also estimated from CT
Hounsfield units (HU). As an x-ray based imaging technique, a
CT scan uses photons to interact with the patient body’s tissue
and create an image. However, photons interact with the tissue
in a fundamentally different way than protons. Therefore, the
deduction of the tissue’s proton stopping power from a CT scan
has some inherent uncertainty. To account for this uncertainty,
clinicians err on the side of caution and treat a larger volume
than the tumor itself, thereby damaging surrounding healthy tis-
sue [2].
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1.1. Proton Imaging

Many researchers are working to image the patient with the
proton beam itself, using the same beam for both imaging and
treatment, and minimizing radiation damage to surrounding tis-
sue with range verification using proton radiography (pRG) and
proton computed tomography (pCT) [3, 4, 5, 6].

Researchers at Massachusetts General Hospital (MGH) are
pursuing specific pRG technique for range verification. In this
technique, a time-varying broad energy proton beam is passed
through a patient and the dose is recorded on a flat detector
as a function of time. To do this, a fixed energy proton beam
first passes through a compact energy modulator to create a
beam with time-varying energy. As this modulated beam fur-
ther passes through the patient, it loses energy depending on the
thickness and composition of the material in its path. The beam
then passes through a silicon flat panel dose detector that mea-
sures the dose versus time. This dosage function can be used to
calculate the relative stopping power (RSP) of the patient along
the beam recorded as the water equivalent path length (WEPL).
With a two-dimensional grid of such detectors, a 2-D WEPL
image of the patient can be reconstructed, as represented in Fig-
ure 1 [7, 8]. Taking the 2-D image from multiple angles can be
used to reconstruct a 3-D sectioned image stack of the patient as
in pCT. This WEPL image can then be used to develop a more
accurate estimation of proton range for a patient treatment with
reduced damage to healthy tissue. This optimized curve can be
used on xray-CT images for improved conversion of HU to RSP
and reduced damage to healthy tissue [9, 10, 11, 12].

The proof of principle of pRG and pCT for range verifi-
cation on phantoms has been demonstrated [9]. Imaging with
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Figure 1: A new proton radiography technique in development at MGH requires
an energy modulator that can fit in the gantry nozzle. The modulator sweeps
the energy of the beam, which passes through the patient and is measured by
a detector. The dose at the detector pixel reaches a maximum when the Bragg
peak lands on it. The dosage function at each pixel is used to verify the WEPL
and create a image.

proton particles is an active research area and clinical valida-
tions are yet to be performed before translating pRG or pCT to
clinical use.

A significant challenge in bringing proton imaging to clini-
cal use is incorporating the required hardware into the next gen-
eration of proton systems. The pRG technique at MGH requires
an extra beam energy modulator that does not currently exist in
clinical proton systems.

1.2. Modulator Specifications

Thus, the focus of this work is to design a compact energy
modulator that can fit into compact proton systems and support
future proton imaging. Lately proton vendors are focusing on
creating more compact machines with the pencil beam scanning
delivery technique and an option of high energy proton imaging
mode. Thus, the modulator was designed based on the follow-
ing specifications:

1. Modulation period: Ideally, proton imaging would be
applicable to any part of the body and has the potential
to locate a moving target such as lung tumors. To sup-
port research in this direction, the device must modulate
the beam energy through the entire specified modulation
range in under 300 ms. This fast period mitigates motion
artifacts in the acquired image due to the patient breath-
ing.

2. Compact size: Current energy selection systems are placed
upstream of the treatment gantry, meaning the magnets
guiding the beam need to readjust each time the beam
energy changes, taking on the order of a few seconds for
each adjustment. This process is too slow to meet the
imaging period specified above. Instead, a new additional
modulator inside of the nozzle is proposed, allowing for
a single beam energy to pass through the magnets, after
which the beam energy can be modulated as quickly as
required for proton imaging. The current state of the art

pencil beam scanning systems have tight space for an ex-
tra modulator in the nozzle. This places a constrain on
the size of the energy modulator. For this work, the size
constraint was set to a 15 cm cube.

3. Energy modulation range: The modulation range of the
modulator will determine the maximum WEPL variation
of the imaging object that can be measured. A reason-
able delta of 25 cm water-equivalent thickness will allow
for imaging most parts of the patients body (head, torso,
limbs).

4. Beam angular spread: Constant proton beam angular
spread over beam energy exiting the modulator is desir-
able in order to image a large area of the target object
throughout the entire energy modulation range.

5. Treatment mode: During the actual patient treatment,
the modulation device should be inactive and not inter-
fere with the treatment beam. Thus the device requires
an operation state where the beam is unobstructed by the
modulation device.

1.3. Prior Work

Of the several existing energy modulator designs for ther-
apy, those using rotational actuation are more compact and sim-
pler than those using linear actuation, which involve moving
wedges or panels linearly in and out of the beam path [13,
14, 15]. The current prototype modulator at MGH, one of the
few designed for imaging, uses a rotating disc with increasing
thicknesses of aluminum and lead [8]. The beam passes axially
through the modulation disc and the energy is modulated by
the thickness of the stopping material. An alternative approach
is to pass the beam radially through the rotating disc and have
wedges of stopping material, as presented by Pu et al [16]. Ro-
tating the modulator wheel with an axis perpendicular versus
parallel to the beam path is more efficient and balanced around
the center of rotation, allowing the final device size to more
easily meet the size requirement. Therefore, we combine this
approach with the bimetal idea presented in Jee et al [8]. The
balanced wheel design presented here is an improvement to the
previous devices because it meets all specifications above.

This work presents the detailed design of a new compact
proton beam energy modulator, composing a bimetal stack of
stainless steel and lead wedges, which spins on an axis per-
pendicular to the incident beam path. The resulting wheel,
along with its multiple previous iterations, was experimentally
tested on the patient proton beam line at the MGH Francis H.
Burr Proton Therapy Center to measure and verify the achieved
energy modulation and angular spread. The final design was
shown to achieve the desired range of energy modulation and a
sufficiently constant angular spread of particle scattering, while
remaining compact enough to be integrated into a scanning beam
gantry nozzle. This new design will enable proton imaging on
future gantry systems and advance the state of the art treatment
of tissues near vital organs.
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2. Design

2.1. Overview

The final design is as follows: a disc with solid bimetal
(lead-steel) wedges rotates along an axis perpendicular to the
beam path as shown in Figure 2. Proper material selection
and profile design are critical in reducing the size of modulator
while meeting the stopping power and scattering requirements.
They are described in Section 2.2 and 2.3. All steel compo-
nents were machined with computer numerical control tools.
The lead wedges were cut out with a water jet and attached
to the steel wedges with adhesive. The modulation disk was
mounted through direct drive to a high torque and low speed
servo motor (Teknic Clear Path Integrated Servo System: CPM-
MCVC-2310S-RQN; Shaft Diameter: 0.375 in). The motor and
modulation wheel assembly was then combined with a simple
mounting base and optical stage for fine height and alignment
adjustments.

In addition to meeting the specifications above, the proto-
type design has the following advantages. The two mirrored
wedges allow for balanced vibration-free rotation and low re-
quired motor torque. The entire modulation wheel was de-
signed to be modular, composing three main sections: a mount-
ing hub, two custom mirrored modulation wedges, and a top
shielding plate. With this modular design, researchers can eas-
ily design custom modulation wedges of various profiles to suit
their specific needs, quickly swapping them out and aligning
them to the modulation wheel with the shoulder bolts and top
shielding plate. The shoulder bolt material was selected to match
that of the modulation wedges, thus rendering them invisible to
the beam and eliminating any disturbances to the resulting en-
ergy modulation profile.

2.2. Material Selection

Proton beam kinetic energy is often expressed as range,
or the depth at which half the protons have come to rest in a
medium, usually water. Range can be approximated from ini-
tial energy using the Bragg-Kleeman rule as [17] [2]:

R ' αEp
i (1)

where α and p are material and energy dependent fitted param-
eters. For example, a 230 MeV beam has a range of 32 cm in
water. As the beam passes through materials that degrade its en-
ergy, its range also shortens. The delivered dose is proportional
to the energy loss at a given depth. Thus the range is related to
the depth of the Bragg peak. As the beam passes through thick
material, the shape of the Bragg curve is affected due to range
straggling and nuclear interactions [2].

The energy loss and nuclear interactions as protons pass
through materials like tissues or metals is similar to passing
through a standard reference of water [2]. Thus a material’s pro-
ton stopping power is expressed in water equivalent thickness
(WET). Given a thickness of material, tm, the WET, or tWET ,
of that material is the thickness of water with the same stop-
ping power, as depicted in Figure 3. The WET is dependent
on the density and the atomic number of the material. It can

Material Material thickness Beam angular spread
for WET = 25 cm (cm) after 5 cm of material (deg)

Lead 4.46 5.302
Steel 4.58 2.867
Titanium 7.8 1.928
Aluminum 11.86 1.172
Water 25 0.541
Lung Tissue 85.4 0.553

Table 1: WET and beam angular spread for various materials. Lead and steel
require less thickness than other materials considered allowing the device to
be more compact. Lead and steel have similar stopping but different scatter-
ing properties for protons, allowing them to be used in combination to obtain
constant beam angular spread.

be calculated using the Bragg-Kleeman thick target approach,
although it contains many material-dependent parameters and
nonlinearities [18]. Instead, the WET simplifies to a linear re-
lation using the International Atomic Energy Agency (IAEA)
approximation [19]:

tw ' tm
Rw

Rm
(2)

where Rw
Rm

is the ratio of the final beam range in water versus
material m and hence approximately the stopping power ratio.

As protons pass through material, they are also subject to
multiple Coulomb scattering (MCS). These elastic scattering
events off atomic nuclei deflect the particles’ trajectory. This af-
fects the angular spread of the overall beam, here defined as the
full width half maximum (FWHM) angle. As a collimated pro-
ton beam with angular spread θi = 0 enters the modulator, the
material scatters the beam, resulting in an angular spread θ f > 0
as shown in Figure 3. The distribution of the scattered particles
is approximately Gaussian. Scattering power is dependent on
the material’s properties and thickness. The relationship be-
tween the resulting angular spread θ f and material thickness L
can be approximated using Highland’s formula [20, 21]:

θ f =
14.1
pv

z

√
L
LR

[1 +
1
9

log10(
L
LR

)] (3)

where LR is a material dependent radiation length and pv, ignor-
ing relativistic effects, is approximated to be twice the kinetic
energy of the incident proton, and z is the charge of the proton
(+1).

The IAEA and Highland approximations were used to cal-
culate the thickness of various materials for 25 cm WET (tm)
and the corresponding final angular spread (θ f ) after 5 cm of
material, shown in Table 1. Table 1 shows lead and steel re-
quire less thickness of material for a given WET compared to
aluminum used by Jee et al, allowing for a more compact de-
vice [8]. Since steel is easy to machine and requires only 5
cm thickness to obtain 25 cm WET, it was selected as the main
material for energy modulation.

However, using only one material for the device will not
satisfy the angular spread requirement. Since scattering power
increases with material thickness, the thinner sections of steel
will result in a smaller angular spread than the thicker sections
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(a) (b)

Figure 2: Final proton beam modulator design. The beam direction is depicted in green. (a) Isometric view (top) and cross-sectional view of modulator wheel
(bottom). (b) Side view (top) and exploded view showing modulator wheel assembly (bottom).

Figure 3: Water equivalent thickness refers to the length the proton must travel
in water to achieve the same energy degradation as the material thickness in
interest. The resulting beam has the same final energy, E f , after tm or tWET but
may have differing angular spread.

of steel (Figure 4d). To combat this, a bimetal design is imple-
mented to maintain constant angular spread through the energy
modulation range. Table 1 shows lead and stainless steel have
similar stopping power but lead has almost double the scattering
power. Therefore, a specific combination of the two materials
can be used to achieve a desired WET and angular spread. In
the final design, as the thickness of steel decreases, the thick-
ness of lead conversely increases.

2.3. Device Profile

The next challenge was designing a device profile using the
selected materials. First, the steel wedges were designed to
achieve a linear WET increase up to 35 cm WET as the mod-
ulator rotated. The following parametric equation driven curve

in SOLIDWORKS was drawn as shown in Figure 4:

x = (a +
r − a

∆φrange
∗ φ)cosφ (4)

y = (a +
r − a

∆φrange
∗ φ)sinφ (5)

where r is the outer diameter of the disk (90 mm), a is the max-
imum thickness of steel for a single wedge (33 mm), ∆φrange

is the range of device angle over which the steel thickness in-
creases linearly, and φ is the current angle of the device. The
axis origin is at the center of the wheel. ∆φrange was set to 150°
to allow enough room for the 5 mm collimated beam to pass
unobstructed through the device during treatment mode. Figure
4 shows using steel only wedges achieves 35 cm WET of stop-
ping power but results in a varying 1-5° angular spread of the
final beam.

To calculate the exact profile (thickness versus angle) on the
device, a first principles approach was cross-checked with sim-
ulation. For the first principles calculation, Highland’s formula
was numerically evaluated in MATLAB to obtain device angle
versus beam angular spread from the steel-only profile achiev-
ing 0-35 cm WET. The angular spread from the thickest part
of the steel was set to θmax. This is the desired angular spread
at all other positions. The angular spread at a given position
due to only steel was subtracted from θmax. This angular spread
error, θmax − θ(k), where k is the position index of the wheel,
was interpolated using Highland’s formula to calculate the cor-
responding lead thickness. Thus the original thickness in steel
plus the lead compensating thickness should result in constant
scattering, θmax, at all positions. The minimum WET obtained
was 10 cm (all lead). The maximum WET obtained was 35
cm (all steel). The resulting energy modulation spanned 10-35
cm WET which met the 25 cm WET energy modulation range.
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(a) (b)

(c) (d)

Figure 4: Design calculations for compact proton beam energy modulator. Steel and lead device profile obtains constant beam angular spread over 25 cm WET
range of energy modulation. (a) Cross-section of the modulator wheel with lead and steel wedges. The x-axis device angle φ goes from the thinnest to thickest part
of the wedge. (b) The calculated profile for steel and lead thickness versus device angle for a single wedge. Steel thickness increases linearly with device angle,
while lead thickness decreases according to Equation 6. (c) WET versus device angle for steel only and steel plus lead wedges. (d) Beam angular spread versus
device angle for steel only and steel plus lead wedges.

The constant angular spread achieved was θmax = 2.2°. Figure
4 shows the expected performance for the final design. The nu-
merically calculated lead thickness versus position graph was
fitted to a 3rd-order polynomial to obtain an analytical expres-
sion for position versus thickness of lead:

tl = 0.96θ3 − 2.5θ2 + 3.3θ − 1 (6)

where tl is the thickness of lead, θ is the device angle of the de-
vice (in radians), and the coefficients of the polynomial are from
the 3rd-order fit. This expression was used to draw the paramet-
ric equation driven curve in SOLIDWORKS for the lead profile.

The calculations using Highland’s formula were compared
against the angular spread results from LookUp, a FORTRAN
based Monte Carlo program written by Gottschalk [21]. The
calculations were shown to be within 10-65 percent error of
the simulation results.This is because Highland’s formula is in-
tended for thin materials. However, Look-Up only allows the
angular spread evaluation for a single stack of materials at a
time, and is cumbersome when trying to calculate an entire pro-
file of changing material thicknesses. Therefore, our MATLAB
script using numerical evaluation of Highland’s formula was
quicker to use during the preliminary design process of the en-
ergy modulator wheel. The parameter inputs of the script could

be quickly modified to adjust the energy modulation range and
constant angular spread as desired. The result was the approxi-
mate bimetal profile needed to achieve the desired energy mod-
ulation and angular spread.

The thickness in the radial modulator varies continuously
with device angle. In effect, the beam cross-sectional energy
at any given instance could be nonuniform depending on the
size of the pencil beam. However, the time-resolved proton ra-
diography technique requires the WEPL calibration for every
imaging pixel individually. Thus, any spatial variation in energy
across the detector will get accounted for during the calibration.
Therefore, this nonuniformity should not affect measuring the
correct WEPL values for an imaging object.

2.4. Testing and Verification

Experimental testing was conducted at the Francis Burr Pro-
ton Therapy Center at MGH on the patient beam lines to ver-
ify the design. The collimated proton beam exited the nozzle,
passed through the energy modulator, and hit the detector (Fig-
ure 5). Two detectors were used during testing at MGH; each
detector was placed 75-100 cm from the nozzle.

The Zebra, a multi-layer ion chamber (IBA Dosimetry, Bel-
gium), was used to measure the final beam range and hence en-
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Figure 5: Diagram (top) and images (bottom) of testing setup. The collimated
proton beam exited the gantry nozzle, passed through the modulator under test,
and hit the detector.

ergy modulation range of the device. The beam passes into the
Zebra and through multiple layers of detector plates mimicking
2 mm WET. Each of these plates slightly degrades the energy of
the beam and measures the dose applied at that depth. A shift-
ing Bragg peak inside the Zebra indicates changes in the energy
of the final modulated proton beam.

The second detector used was the Matrixx (IBA Dosimetry,
Belgium) to verify constant angular spread of the final modu-
lated beam. It consists of a matrix of ionization chambers (pix-
els) to measure dose at different points in the cross-section of
the beam. It outputs a 2-dimensional dose plot indicating the
spatial distribution of protons hitting the detector.

The modulator was set to rotate at a constant speed of 1
revolution per minute to obtain high resolution data. Because
of the double wedge design, this corresponds to two full ranges
of energy modulation per minute. With the wheel spinning, a
constant stream of protons (233 MeV) was delivered through
the device. Each detector was used to collect snapshots of the
modulated proton beam’s energy span and angular spread at a 1
second time resolution.

3. Results

The testing results confirmed the design calculations and
verified that the device met 4 out of 5 of the modulator spec-
ifications. The specification not demonstrated was the energy
modulation range of 25 cm WET. The energy modulation range
demonstrated was 21 cm WET, although the design allows for
up to 25 cm WET.

Figure 6 shows the energy modulation range of the device
using the measurements from the Zebra detector. As the device
rotated, the detector continuously measured the final beam’s
dosage vs z-depth (as if in water) along the beam axis with an
integration time of 1 sec. The data plotted in (a) was smoothed
in MATLAB (Savitsky-Golay filter, degree = 1, frame length =

11).
The shifting dosage peak with device angle indicates device

was modulating the final beam energy. The unobstructed inci-
dent beam at 233 MeV has a range of 32 cm in water. The

triple Bragg peak artifact is due to the wide incident beam hit-
ting neither, one, or both of the wedges. As the device angle
increases, the Bragg peak jumped to roughly 21 cm in water
and was modulated all the way down to 0. Past 0, the Bragg
peak did not occur inside the Zebra, but rather inside the mod-
ulator wheel. Thus, the true delta of the device is more than
21 cm. The device must be retested with a higher initial proton
beam energy above 233 MeV to confirm the stopping power de-
sign of 10-35 cm WET which corresponds to a delta of 25 cm
WET.

The Matrixx captured the spatial distribution of protons on
a plane normal to the beam axis. The xy versus dose data is
illustrated as a contour plot in Figure 7a. In order to compare
the beam angular spread, the x versus dose data was plotted
along y = 0 on the Matrixx and fit to a Gaussian (Figure 7b).

Figure 8 shows the effectiveness of the lead plus steel de-
sign. As the beam passed through thicker sections of steel, the
dose distribution widened, indicating a slow increase in angu-
lar spread for device angles above 0° (Figure 8a). With the
added sections of lead, the device is able to maintain a constant
FWHM of 16 ± 3 cm for φ = 10 to 110 °, as shown in Fig-
ure 8a, until the beam is completely blocked. Thus this device
maintains constant angular spread.

4. Conclusion

The compact energy modulator prototype demonstrated a
delta of 21 cm WET of energy modulation. The device’s lead
and steel profile achieved a constant angular spread across the
energy modulation range. The initial experimental results were
first-order consistent with calculations in the design specifica-
tions. This compact energy modulator will serve as an essential
component of the time-resolved proton radiographic/fluoroscopic
imaging technique and will facilitate a practical integration with
modern particle therapy systems attributed to its size. Since it is
designed to fit directly inside the nozzle of a proton beam line
and features both imaging and treatment modes of operation,
the acquired beams-eye-view proton images will provide valu-
able information that improves the therapy target localization
as well as reduces the proton range uncertainty. Developmental
efforts of utilizing proton imaging to clinical applications will
be continued in future studies.
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(a) (b)

Figure 6: (a) The z-depth versus dose graph of the final beam energy at increasing device angles measured by a multi-layer ion chamber. The unobstructed proton
beam’s Bragg peak (far right curve, device angle = 0) is at 32 cm. As the device continuously rotates (0 to 180 degrees) and modulates the energy of the proton
beam, the Bragg peak jumps to 21 cm and decreases down to 0. (b) The measured WET versus device angle is plotted using the results in (a). The device was
validated only up to 21 cm of WET modulation range due to the limited maximum proton range (32 cm) at MGH.

(a) (b)

Figure 7: (a) An example 2-D dose plot from the ionization matrix detector. (b) The dose vs horizontal displacement, x, at y = 0 as a 1-D graph and fit to a Gaussian
curve.

(a) (b)

Figure 8: (a) Dose vs horizontal displacement, x, for the final steel with lead design is plotted at multiple device angles, φ. Each curve is used to calculate the
full-width-half-maximum (FWHM) for each device angle. (b) The FWHM from the final beam spread is plotted against device angle for both steel only and steel
plus lead designs. The FWHM for the improved steel plus lead design stays constant at 16 ± 3 cm for φ = 10 to 110 indicating constant scattering.
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