
Clinical characterization of a proton beam continuous uniform
scanning system with dose layer stacking

J. B. Farra�

Indiana University, Department of Physics, Swain Hall West, Room 117, 727 E. Third St., Bloomington,
Indiana 47405 and Midwest Proton Radiotherapy Institute, 2425 Milo B. Sampson Lane,
Bloomington, Indiana 47408

A. E. Mascia,b� W.-C. Hsi,c� C. E. Allgower, F. Jesseph, A. N. Schreuder,b� and
M. Wolanski
Midwest Proton Radiotherapy Institute, 2425 Milo B. Sampson Lane, Bloomington, Indiana 47408

D. F. Nichiporov and V. Anferov
Indiana University Cyclotron Facility, 2401 N. Milo B. Sampson Lane, Bloomington, Indiana 47408

�Received 2 April 2008; revised 23 August 2008; accepted for publication 25 August 2008;
published 14 October 2008�

A proton beam delivery system on a gantry with continuous uniform scanning and dose layer
stacking at the Midwest Proton Radiotherapy Institute has been commissioned and accepted for
clinical use. This paper was motivated by a lack of guidance on the testing and characterization for
clinical uniform scanning systems. As such, it describes how these tasks were performed with a
uniform scanning beam delivery system. This paper reports the methods used and important dosi-
metric characteristics of radiation fields produced by the system. The commissioning data include
the transverse and longitudinal dose distributions, penumbra, and absolute dose values. Using a
208 MeV cyclotron’s proton beam, the system provides field sizes up to 20 and 30 cm in diameter
for proton ranges in water up to 27 and 20 cm, respectively. The dose layer stacking method allows
for the flexible construction of spread-out Bragg peaks with uniform modulation of up to 15 cm in
water, at typical dose rates of 1–3 Gy /min. For measuring relative dose distributions, multielement
ion chamber arrays, small-volume ion chambers, and radiographic films were employed. Measure-
ments during the clinical commissioning of the system have shown that the lateral and longitudinal
dose uniformity of 2.5% or better can be achieved for all clinically important field sizes and ranges.
The measured transverse penumbra widths offer a slight improvement in comparison to those
achieved with a double scattering beam spreading technique at the facility. Absolute dose measure-
ments were done using calibrated ion chambers, thermoluminescent and alanine detectors. Dose
intercomparisons conducted using various types of detectors traceable to a national standards labo-
ratory indicate that the measured dosimetry data agree with each other within 5%. © 2008 Ameri-
can Association of Physicists in Medicine. �DOI: 10.1118/1.2982248�
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I. INTRODUCTION

With the expansion of proton therapy has come the desire to
update the beam delivery technology for the goal of increas-
ing the conformality of the delivered dose while minimizing
risks to the patient such as from out of field dose, mainly
from neutrons. The efforts stem from the fact that the vast
majority of proton therapy centers rely on the historic pas-
sive double foil spreading beam production with fixed range
modulators.1,2 Although the passive beam spreading technol-
ogy is capable of delivering highly conformal fields, im-
provement can be realized by active beam scanning3–9 while
also reducing out of field dose.10 The maximum field size for
passive spreading systems also becomes practically limited
due to the increased thickness of scattering material required
for larger field sizes. This compromises the maximum attain-
able range at a given accelerator energy. Compared with a

scattering system with an inherent additional energy loss, a
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uniform scanning system can provide a useful increase in
water range of about 2.5 cm or more, depending on the field
size and the maximum available energy.

Beam scanning can result in uniform or nonuniform de-
livery. A form of scanning, continuous uniform scanning,
combined with energy layer stacking provides a flexible
method of constructing depth dose distributions. Because the
range of individual beams is controlled in, or upstream of the
nozzle, a desired spread-out Bragg peak �SOBP� distribution
can quickly be created or modified. Flexible SOBP genera-
tion techniques also exist for fixed range modulators,11,12 but
not without related challenges such as the requirements for
high beam intensity stability and fast beam modulation
control.13,14 With regard to the advantages of a uniform scan-
ning system it should be mentioned that these possible ad-
vantages may be offset to a certain degree by the potential

increase in sensitivity to target motion from a scanning sys-
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tem. However, this has yet to be determined for uniform
scanning systems as it is usually a design goal of such sys-
tems to minimize this effect by providing a high transverse
“repainting rate” and fast range shifting.

This work reports on the development and characteriza-
tion of the continuous uniform scanning proton therapy de-
livery system developed at the Indiana University Cyclotron
Facility �IUCF� and Midwest Proton Radiotherapy Institute
�MPRI�.15,16 This paper was motivated by the lack of guid-
ance on the testing and characterization for uniform scanning
systems. This paper describes some of the tasks performed
during the commissioning of a uniform scanning beam de-
livery system. A description of the uniform proton scanning
delivery system is given followed by clinical commissioning
results and absolute dosimetry findings. The relative dosim-
etry characterization required the use of new multielement
detectors. Some of these detectors were designed, built, and
evaluated during the commissioning, and were reported in a
separate publication.17 Not reported here is the system dose
calibration stability with time, dose rate, and monitor units.
Also, mechanical alignment results, snout proton leakage,
and out of field dose results are omitted. Most of these are
standard practices for commissioning medical accelerators.
System sensitivity to target motion and out of field dose per-
formance remain current areas of investigation.

II. METHODS AND MATERIALS

The MPRI facility uses beam produced by the IUCF split
sector cyclotron after acceleration to nominally 208 MeV.
The beam is then degraded to the required patient maximum
range and transported through beam line magnets into one of
three available treatment rooms �TR1–TR3�. Figure 1 shows
the accelerator and room layouts. TR1 consists of a typical
double scattering system with fixed range modulator in a
fixed horizontal beamline geometry.18 Because patient treat-
ments have been under way in TR1 since 2003 with over 200
treated, “without adverse dosimetry problems,” that system
is used at the facility and in this paper as a reference for
relative and absolute dosimetry.

The continuous uniform scanning system development is
installed onto two commercial isocentric ganties �Ion Beam
Applications: Louvain-la-Neuve, Belgium� in the MPRI
Treatment Rooms �TR� 2 and 3. Because the two rooms were
designed to be “twinned,” this paper describes primarily the
results from TR2 with the exception of some absolute dosim-

FIG. 1. Scale rendering of the IUCF/MPRI facility. The split sector cyclo-
tron �a� feeds three treatment rooms: the fixed horizontal beam line �b� and
two scanning gantries ��c� and �d��.
etry testing that is also reported for TR3.
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The continuous uniform scanning system and the methods
used to characterize its performance are described in the fol-
lowing.

II.A. Proton uniform scanning system

A schematic view of the major continuous uniform scan-
ning system components is presented in Fig. 2. Scattering
foils are not used. Instead, an X–Y scanning magnet spreads
the beam laterally and can provide beam deflection of up to
�18 cm at the isocenter. The laterally spread-out beam then
passes through the range modulator, which pulls back the
pristine Bragg peak consecutively to different ranges, result-
ing in layer-by-layer irradiation of the target volume. The
ionization chambers are used to monitor the beam flatness
and symmetry as well as to control the dose delivery. Patient-
specific apertures and range compensators �boluses� are used
for transverse and longitudinal shaping of the dose fields,
respectively.

The beam scanning system can generate uniform trans-
verse dose distributions up to 30�30 cm2 treatment area by
continuously scanning the beam according to a predefined
scanning pattern. Patient-specific apertures then shape the
radiation field appropriate for the treatment. In a typical field
delivery scenario, the beam spot travels along the specified
scan pattern hundreds of times at the rate of 10–16 Hz,
“painting” a transversely flat dose distribution. In depth,
however, each layer is only delivered once for each field.

Due to multiple Coulomb scattering from the beam deliv-
ery system components and in the patient both the beam spot
size and the shape of the pristine Bragg peak vary with the
beam energy selected for treatment. The SOBP delivery is
therefore split into three regimes, with the dose layer stack-
ing optimized separately for beam penetration ranges in wa-
ter between 6 and 12 cm, between 12 and 20 cm, and for
deep seated targets between 20 and 27 cm. Similarly, scan
patterns were optimized to achieve the required dose unifor-
mity for all field sizes and depths. In particular, to take into
account changes in beam spot size at different energies, dif-
ferent scan patterns are used for beam penetration ranges
below 20 and above 20 cm. The scanning system also uses
different scan patterns for different field sizes. The available

FIG. 2. Schematic �not to scale� of the continuous uniform scanning nozzle.
combinations are shown in Table I. The proton therapy con-
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trol system selects from these combinations an appropriate
configuration for scanning and for the dose layer stacking
based upon the patient-specific field data, which includes
proton range in water, SOBP width, and field size.

II.A.1. Beam scanner

The scanning magnet consists of a novel dual axis ap-
proach in a single enclosure. The vertical �X� scanning is
performed with an elephant ear coil and the horizontal �Y�
with a saddle coil. They are capable of about 2 kG at 375 A,
which provides up to a 30 cm field diameter at the isocenter
position 242 cm distal to the magnet center position. Be-
cause of the coincident dual scanning magnet design, the
distance from the same magnet centers to the isocenter is the
same in X and Y. Additional details of the scanning magnet
are available elsewhere.19

II.A.2. Range modulators

The system range setting is accomplished by two different
devices: a beryllium wedge range degrader proximal to the
treatment rooms to set the maximum required field range and
a binary range modulator in the therapy nozzle. The binary
system is comprised of six plates of proportional thickness.
There are two Lucite plates and four graphite plates provid-
ing 3, 6, 12, 24, 48, and 96 mm of water equivalent range
loss, respectively. After the maximum field range is set the
binary system is used to successively pull back the range in
appropriately dose weighted increments to generate the
specified SOBP. While the range modulator has the maxi-
mum Bragg peak pull back in water of only 19 cm, it is
sufficient to generate a full modulation at 90% dose level in
beams of up to the maximum energy of the IUCF cyclotron.

In practice, the individual Bragg peak weights �Wi� for
range modulators are usually determined quasianalytically,
validated dosimetrically, and sometimes recalculated in an
iterative process until a clinically acceptable modulation is
achieved.1 In the case of the uniform scanning system de-
scribed in this work the binary range modulator provides
more flexibility than do fixed devices because the Wi can be
adjusted �Wi�� in software. However, the general process re-
mains the same. In order to reduce the total number of fixed
range modulators, beam gating has been used in other
systems.11,14 This system, as described earlier in Sec. II A,

TABLE I. Proton therapy system delivery regimes. A requested delivery field
is categorized in range and field size regimes. Within a regime set the scan
pattern and range modulator weights are nominally fixed.

Maximum field
diameter �cm�

Range in water

Up to 12 cm 12–20 cm 20–27 cm

Up to 12 X X X
12–20 X X X
20–30 X X Not used
uses a series of energy regimes within which the SOBP
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weights are adjusted to remain within the uniformity require-
ments due to the variability in the increased straggling of
pristine beam ranges across the regime.

A simple algorithm to correct for a SOBP tilt was devel-
oped and tested. It is based on a linear model and employs a
parameter called tilt �T�, which is defined as the percentage
of dose variation per centimeter of depth �%/cm�, along the
SOBP plateau. The T is minimized from the original Wi giv-
ing the set �Wi�� of N Bragg peaks resulting in a uniform
SOBP with nominal tilt,

Wi� = Wi − T�i − 1� . �1�

Renormalization �Ŵi� of the weights after correction al-
lows are keep to the absolute dose at the center of SOBP
unchanged,

Ŵi =
Wi�

�i=1
N Wi�

. �2�

The algorithm can be applied to SOBP distributions of any
extent, and with upward or downward tilts �positive or nega-
tive tilt�. An example of this algorithm application is pre-
sented in Sec. III A 2.

II.B. Field characterization

II.B.1. Relative dosimetry

Without recognized standards, especially for longitudinal
proton field parameters, it has been common practice to use
facility-specific definitions20–22 of “irradiated volume.” It
should be noted that all of these definitions are empirical in
nature. For this facility the clinical field validation and com-
missioning was performed according to an internal standard
termed the dose reference volume �DRV�. This DRV defini-
tion applies to field sizes larger than 2 cm in diameter and
with SOBP widths larger than 2 cm. The DRV �Fig. 3 top
and bottom� is defined as two penumbra widths �80%–20%�
inside the 50% isodose laterally, 1.5 distal fall-off widths
�80%–20%� inside the 50% isodose distally and 1 total pull-
back water-equivalent thickness inside the �distal� 50% iso-
dose proximally. The total pullback is defined as the number
of longitudinal steps or layers within the volume multiplied
by the water equivalent step widths. The design goal for dose
uniformity �flatness and symmetry� within the DRV was
specified at 2.5%.

In order for the system to perform to acceptable clinical
performance criteria for field flatness, symmetry, and penum-
bra, care was required to optimize the system in these re-
spects, which is discussed in more detail in Sec. III A 1. This
optimization was performed for all energy regimes and field
sizes. During clinical commissioning comparison was also
made to a commercial treatment planning system �TPS�
�Computerized Medical Systems, Inc., St. Louis, MO; model
XiO version 4.2.2 with the proton module installed�. For
each energy regime and a variety of field sizes, dose distri-
butions produced with continuous uniform scanning and

layer stacking were characterized in terms of field size, lat-
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eral and longitudinal flatness, and penumbra size. The total
number of commissioned field size, range, and SOBP width
combinations exceeded 100.

Two types of single element ionization chambers were
used, a commercial Markus parallel plate chamber �PTW,
Freiburg Germany; model 23343�, and a miniature �“mini”�
0.7 cm3 thimble chamber based on a design from the Na-
tional Accelerator Center �NAC�, South Africa.23 The mini
chamber used here �NAC-mini� was fabricated at the IUCF
from Vespel. The Markus chamber calibration was deter-
mined by an accredited laboratory �University of Wisconsin
Accredited Dosimetry Calibration Laboratory, Madison, WI�.
The NAC-mini holds an in-house relative calibration to the
calibrated Markus chamber. The Markus chamber was used
for longitudinal measurements and delivery system dose cali-
bration. The NAC-mini chamber was used for penumbra
measurements or, if indicated, for characterizing fields of
less than 5 cm diameter. With the aim of comparing the re-
sultant clinical penumbra between the scanning �TR2� and
scattering �TR1� systems all measurements were performed
with the NAC-mini in water using a commercial phantom
�Wellhofer/Scanditronix, Schwarzenbruck, Germany; model
3D Blue Phantom�.

The uniformly scanned proton beam places special re-
quirements on dose measurement methods. This is because
the primary proton beam is not stationary on a singular de-
tector if that detector’s cross section is smaller than the beam
profile laterally. This suggests either point by point measure-
ments with a single detector and repeating the entire field for
each point, an integrating area detector, or a discrete multi-

FIG. 3. Dose reference volume definitions. See the text for details.
element type. Although point by point measurements were
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required for the initial system characterization, their relative
time inefficiency forced the migration to integrating and
multielement types.

The multielement detectors used were all of the ionization
chamber type. One commercially available detector was used
and two were designed and built at the facility. Both longi-
tudinal and transverse detectors were required. The longitu-
dinal �range� detector is a multilayer ionization chamber
�MLIC�. The MLIC contains 122 small volume ionization
chambers stacked at a 1.82 mm step water equivalent for
depth dose profile measurements. The MLIC detector can
measure profiles up to 20 cm in depth, and determine the
distal dose fall off with about 1 mm precision. Also devel-
oped and used at the IUCF and MPRI is a large multipad
ionization chamber �MPIC� transverse detector. The MPIC
has 128 ionization chambers arranged in one plane and is
designed to measure lateral profiles in fields up to 38 cm in
diameter. The MPIC pads have a 5 mm pitch for fields up to
20 cm in diameter and a 7 mm pitch for larger fields, pro-
viding the accuracy of field size determination about 1 mm.
Both the MLIC and MPIC share common instrumentation
electronics and a computerized data acquisition system.17

Another transverse detector used is a commercial product
providing 1020 vented pixel ionization chambers in a 32
�32 grid with 7.6 mm of separation between the centers of
the chambers �IBA Dosimetry, Schwarzenbruck, Germany,
model I’mRT MatriXX�.

The integrating dosimeter used for relative dosimetry
characterization was radiographic �Kodak, Rochester, NY;
type X-Omat V� film. The film measurements were per-
formed within blocks of polystyrene as well as within the 3D
Blue Phantom using an in-house positioning rack. After film
development and optical scanning �Vidar Systems Corpora-
tion, Herndon, VA; model VXR-16�, the relationship be-

FIG. 4. Alanine dosimeter placement in measurement jig �photo� and re-
ported results with position relative to beam central axis. The jig was placed
for irradiation in a water phantom. Directly after the alanine irradiations an
ionization chamber was used to measure the relative doses at the alanine
measurement locations. The alanine and ionization chamber measurements
are normalized here to the central axis values, respectively. The result indi-

cates excellent agreement between the detectors and field uniformity.
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tween irradiated dose and optical density was determined
over the range of relevant physical dose of approximately
1–250 cGy.

In addition to the absolute dosimetry investigation with
alanine dosimeters �Secs. III A 1 and II B 2� an independent
characterization of field uniformity was also performed with
the alanine dosimeters. The experimental setup is presented
as part of Fig. 4.

II.B.2. Absolute dosimetry

Although not specifically indicated for scanning beam do-
simetry, all treatment rooms were calibrated according to In-

FIG. 5. Measurement of a representative beam profile using the MatriXX de
at the center of the dose reference volume �depth=17.7 cm� for 20 cm wate
the film scan in the bottom right. The data are compared in the top left and
ternational Commission on Radiation Units and Measure-
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ments �ICRU� Report 5924 using the calibrated Markus
chamber. In Sec. III B 1 the Markus and NAC-mini cham-
bers were used contemporaneously within 20 min on a single
day under reference conditions to compare the calibrations
between TR1 and TR2. The reference conditions were de-
fined as the field from a 10 cm physical diameter aperture, at
the center of a 10 cm SOBP, which was located at a depth of
11 cm in water and coincided with the gantry isocenter.
However, the lack of standards guidance and concern over
recombination in high fluence rate particle beams prompted
additional absolute dosimetry comparisons. Therefore, two
additional methods were used for this work: alanine dosim-

25,26 27

�red line� and film �green line� with the following conditions: measurement
ge and a 2.2 cm SOBP. The MatriXX data are presented in the bottom left,
racted in the top right.
vice
r ran
subt
etry pellets and thermoluminescent dosimetry.
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Nine alanine dosimetry pellets produced by Far West
Technologies and having a NIST-traceable calibration were
obtained from Armed Forces Radiobiological Research Insti-
tute �AFRRI� and irradiated in the reference field, at the cen-
ter of SOBP, to a dose of 250 Gy. AFRRI also provided the
alanine readout using the electron spin resonance method.

Thermoluminescent dosimeters �TLD� were obtained
from and processed by the Radiological Physics Center
�RPC� of the University of Texas. The test protocol was de-
rived from their electron beam mailable TLD assay
system.28,29 It uses six TLD capsules, three at each of two
depths, measuring two points in the SOBP. The TLDs are
placed at the positions within a 9�9�9 cm3 phantom. The
phantom was irradiated in air at the gantry isocenter.

III. RESULTS AND DISCUSSION

III.A. Relative dosimetry

III.A.1. Transverse relative dosimetry

Due to the lack of use of physical scatterers or ridge filters
in this system, in contrast to a similar heavy-ion irradiation
system,30 additional optimization of the system in terms of
the scanning patterns was necessary. This was because the
beam spot size changes as a result of multiple Coulomb scat-
tering in matter including air, beamline components includ-
ing varying range shifter thickness, and the target medium,
tissue or water. Although the beam optics were optimized to

FIG. 6. Transverse beam profiles approximately at the proximal, center, an
constrained by a 10 cm physical diameter aperture 10 cm from isocenter.
measurements were performed in this case with the MPIC and a comparis
shown.
minimize the spot size at the virtual source position in the
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nozzle all of these effects serve to increase the spot size.
Ultimately, for the energy regime corresponding to
20–27 cm of range in water a distance of about 1.5 cm be-
tween adjacent scan lines was used. Two other energy re-
gimes, with beam ranges 6–12 and 12–20 cm in water, re-
quired 2 cm of line spacing. In order to ensure the 2.5%
uniformity over the entire DRV laterally, an overscan dis-
tance was required. This was empirically determined to be
3 cm on each side of the field.

Figure 5 demonstrates a typical transverse dose profile
measured with the MatriXX and radiographic film. The
slight ripple due to the scan pattern observed across the field
is within the facility DRV tolerance of �2.5% and reduces
further with increasing depth and/or modulation. The dose
difference result �upper right� in Fig. 5 illustrates the higher
resolving power of radiographic film in comparison to the
MatriXX detector. In practice, due to their relative ease of
use and data analysis, the MatriXX and the MPIC detectors
were preferred for measurements over film or point by point
ionization chamber measurements if high resolution penum-
bra information was not required. This was the case for much
of the scanning beam pattern and density optimization. Rep-
resentative results from the MPIC detector are shown in
comparison to treatment planing system �TPS� in Fig. 6. As
seen in Fig. 6, and across the commissioning of the uniform
scanning system, no modification of the TPS dose calcula-
tion algorithm was required. This result was expected as ef-

al planes of the DRV for a field of 27 cm water range, 10 cm SOBP, and
eld size projected at isocenter is approximately 10.9 cm in diameter. The
dose distribution calculation from the treatment planning system �XiO� is
d dist
The fi
on to
fectively, other than penumbra considerations, there should
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be no difference in the physical dose deposition between
uniform scanning and scattering. In this case the TPS �XiO
Version 4.2.2� was originally developed for physical scatter-
ing proton beam systems. The results of independent field
uniformity check using the alanine dosimetry are presented
in Fig. 4.

Another consideration was the dependence of transverse
field uniformity on the amount of repainting. Typically, for
fields less than 20 cm in diameter, 2–5 nA of beam current
is required in the nozzle. The number of times a layer is
scanned �“painted”� is inversely proportional in general to
the fluence rate and in specific the beam current for a given
field size and dose. A design goal was to achieve a minimum
of 100 paints per layer. In practice, this sensitivity was tested
by increasing the beam current to the maximum permitted
just below the hardware induced safety limit level for a given
field size. Although this setting was in excess of what would
be requested clinically, it served to test the robustness of the
transverse delivery uniformity. A test for the common field of
10 cm diameter �usually requiring 2 nA� used 8 nA of pro-
ton current, effectively reducing the number of repaintings
from 100 to about 25–30. No discernible difference was ob-
served in the transverse field uniformity. However, it is fa-
cility policy to validate field uniformity at the time of
patient-specific quality assurance for those fields which re-
quire higher dose rates or large diameters.

Because lateral field falloff is of importance in proton
therapy, usually due to the need to trim the lateral field edge
from a critical anatomical structure, penumbra characteriza-
tion was required. For this analysis it is interesting to com-
pare the physical condition of the TR2 scanning system to
the TR1 scattering system. It might be expected that beam

TABLE II. Top: Values of penumbra widths �TR1 penumbra and TR2 pen-
umbra� for pristine �no modulation� full energy beams measured with radio-
graphic film. The maximum range for TR1 is 25.9 cm in water and 27 cm
for TR2. The range loss in TR1 is due to the use of scattering foils. The
measurement depth in water is reported together if it was the same, or
individually if different �TR1, TR2�. The deepest TR1 data may have been
collected beyond R90 due to uncertainty of polystyrene/film range loss es-
timate. The field size was defined by a 10.9-cm-diam aperture placed 10 cm
proximal to the isocenter of each system. Bottom: Values of the measured
penumbra widths for the conditions 26 cm range in water, 10 cm SOBP,
otherwise the same.

Measurement
depth �cm�

TR1 penumbra
�mm�

TR2 penumbra
�mm�

Difference
�mm�

Pristine, maximum range
5 1.0 0.8 −0.2
10 2.2 1.9 −0.3
20 5.7 5.5 −0.3
25 8.7 7.4 −0.7

25.8, 26.7 9.5 8.2 −0.7
10 cm modulation, 26 cm water range

5 1.6 0.9 −0.7
16 4.8 4.1 −0.7
21 6.9 6.1 −0.8
25 8.9 8.5 −0.4
delivery without metal scattering foils reduces penumbra due
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to the reduced multiple Coulomb scattering. Conversely, the
source to isocenter distance �SID� in TR1 is 320 cm, whereas
the physical SID in TR2 is 242, giving an expected increase
in penumbra of the scanning system for the shorter distance.
These effects interact in a competing manner to contribute to
the overall penumbra distribution between the two systems.
The range modulation process increases the penumbra. The
range modulator in TR1 is of the rotating type �360 rev /min�
located just proximal to final collimation, whereas the modu-
lator in TR2 is a binary type located further up-beam in the
nozzle. The TR1 modulator position is variable but generally
about 50 cm from isocenter, whereas the TR2 modulator is
fixed at 165 cm.

To consider the situation without the range modulator ef-
fect, measurements were initially performed with pristine
�unmodulated� beams using radiographic film. Table II pre-
sents the comparison. The data indicate a slight �few tenths
of millimeters� reduction in nominal beam penumbra with
the scanning system, even considering the shorter SID. Table
II also compares TR1 and TR2 26 cm range beams with a
10 cm SOBP modulation. Interestingly, although the range
modulator sits further away from the measurement point in
TR2 compared to TR1, TR2 still outperforms the TR1 pen-
umbra by an observed difference of about 0.7 mm. This may
be because the TR2 beam, due to not using scattering foils,
presents a more forwardly focused beam to the modulator
than in TR1, masking the distance of travel effect. The

FIG. 7. Distribution of weights before and after applying the correcting al-
gorithm to a 16 cm SOBP �23 pullback layers�. The correction has been

applied to a SOBP with a negative tilt �tilt=−8.8% �.
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amount of air through which the beam travels is also smaller
in TR2, and causes less scattering. An equivalent reduction
in penumbra with comparison to TR1 was found at the con-
ditions 16 cm water equivalent range with a 10 cm SOBP.
The effect of field size on penumbra was studied over the
range 3–10 cm but found to affect penumbra only a few
tenths of a millimeter, primarily at deeper depths. In sum-
mary, the measured penumbra in TR2 outperforms that of
TR1 by about 7 /10 mm and is judged to be acceptable for
clinical use. The values also compare favorably to reported
measurements from other institutions.31–33

III.A.2. Longitudingal relative dosimetry

As described in Sec. II A 2, the tilt of the SOBP is defined
as the slope �%/cm� of the SOBP flattop. As the tilt deviates
from 0.0%/cm, the flatness moves closer to being out of
tolerance �maximum �2.5%�. For a given set of Bragg peak
weights, this effect depends, among other factors, on the
width of the pristine Bragg peak. From 12.0 to 19.5 cm
range in water, the Bragg peak width at 50% of its maximum
increases in the TR2 system from 1.5 to 2.3 cm. In principle,
this difference can cause a significant tilt of the SOBP. The
longitudinal flatness can be optimized by increasing the pull-
back between the individual peaks and by changing their
relative weights �Sec. II A 2�. It can also be used to closely
match the delivered SOBPs to those calculated by the pencil
beam model in the TPS. Figure 7 presents an example of a
practical tilt adjustment testing result.

Within the beam energy regimes �Table I�, a SOBP library
data set was constructed using the above described approach.
The SOBP extents developed range from 14.5 to 2.2 cm.
The layer definition files which define the step size, weight-
ing, and number of layers were designed to deliver a flat
SOBP at maximum energy within the regime. All SOBPs
constructed achieved acceptable clinical performance. Some

typical SOBP profiles commissioned for the high energy re-
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gime are shown in Fig. 8 and compared with those calculated
by the TPS. Similar to what was found transversely, �Sec.
III A 1�, the TPS adequately calculated the SOBPs longitu-
dinally for field sizes 5 cm in diameter and larger. SOBP
profiles measured for the medium and low energy regimes
are very similar and therefore are not presented here. In prac-
tice the construction of a range of any desired SOBP extents
is possible within �1 mm. In summary, the longitudinal
beam shaping from this binary range modulator has been
shown to provide accuracy, precision, ease of use, and flex-
ibility.

III.B. Absolute dosimetry

Currently the absolute dosimetry for TR1 follows the
ICRU 59 protocol. Although ICRU 59 does not provide
guidance for scanned beams, because the TR2 is a uniform
scanning system the protocol can, in principle, be applied
with the following assumption: The action of beam scanning
across the ionization chamber does not significantly perturb
the measurement.

Several authors have studied the effects of scanned or
pulsed proton beams on the response of the ionization cham-
bers used for delivery system calibration.34–36 These investi-

TABLE III. Simultaneous ionization chamber dosimetry comparison between
passive scattering system �TR1� and continuous uniform scanning system
�TR2�. Under the reference condition, TR1 and TR2 had both been cali-
brated to deliver the same dose output for the same machine monitor setting.
The chambers used were a PTW model 23343 parallel plate type and the
NAC-mini �Sec. II B�. For comparison the individual chamber responses are
normalized to their respective TR1 values.

Chamber
type

TR1 normalized
output

TR2 relative
output to TR1

Markus 1.000 1.013
NAC-mini 1.000 1.004

FIG. 8. Representative spread-out
Bragg peaks for the high energy re-
gime measured with the MLIC detec-
tor. The SOBPs were designed in part
by adjusting the individual layer
weights to produce the nominally flat
longitudinal distributions shown at a
chosen energy. In this case the chosen
energy was 208 MeV �range of 27 cm
in water�. A comparison to the longi-
tudinal dose calculation by the treat-
ment planning system �XiO� is also
shown.
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gations were driven by the observation that neither of the
primary proton beam dosimetry protocols, ICRU 59 or the
International Atomic Energy Agency �IAEA� TRS-398,37

provide guidance for scanned beams. The previous studies,
under the conditions evaluated, and similar to the conditions
of this system could not detect this effect below about 2%. It
was not the purpose of this study to find possible differences
below this level, but rather to validate clinically rational do-
simetry practice for the scanning system, that is within the
limits of the protocol uncertainties themselves, or about 3%.

III.B.1. Internal facility absolute dose
comparison

Using the principles of ICRU 59 with the facility refer-
ence conditions, described in Sec. II B 2, an intercomparison
was performed between the scattering and uniform scanning
systems. The results �Table III� indicate good agreement be-
tween the facility calibration of the two systems, not with-
standing induced systematic errors. The results for a 4 month
observation period of daily TR2 calibration also indicate ex-
cellent precision at the level �1%.

III.B.2. Absolute dose comparison

Results from the alanine dosimetry and TLD dosimetry
are listed in Table IV. These integrating dosimeters have
NIST-traceable calibrations and have the advantages of �1�
dose rate insensitivity and �2� independent dose validation.
These qualities satisfied the concerns of ionization chamber
sensitivity to higher instantaneous dose rates provided by the
scanning system and the possibility of internal facility sys-
tematic dosimetry errors. Repeated machine monitor unit set-
tings were required for the high total dose delivered to the
alanine dosimeters, which is a relative weakness of the
method. However, the facility reported doses for all three
treatment rooms, calculated using both the ICRU 59 and
IAEA TRS-398 protocols, agree with the alanine and TLD
results within the respective uncertainties of the methods.
The approximately 2% difference between ICRU–59 and
TRS–398 determined dose is due primarily to different wair

values used in the protocols. An updated protocol release
from the ICRU has been recently published addressing this
difference and providing guidelines for scanned proton

38

TABLE IV. Independent absolute dosimetry results from the three treatment
scanning. The dose deliveries followed the ICRU 59 protocol. The RPC re
�about a 1% difference based on density and stopping power at the relevant

Treatment
room

Detector
type

ICRU 59 delivered
dose �cGy�

Reported
dose �cGy�

TR1 TLD 299 302
TR2 TLD 298 301
TR2 Alanine 25 000 24 100
TR3 TLD 299 308
beams.
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IV. CONCLUSIONS

The clinical commissioning of a uniform proton beam
scanning system has been completed. Regimes of continuous
uniform scanning and dose layer stacking to produce re-
quired dose distributions have been optimized. All of the
facility clinical performance requirements were satisfied. The
field commissioning results indicated a reduction in trans-
verse penumbra by about 1 mm compared with passive beam
spreading for the therapeutic beams tested having maximum
ranges in water between 16 and 26 cm. No modification of
the treatment planning system dose calculation algorithm
was required from classic double scattering to continuous
uniform scanning. The system dosimetry was validated
against national standards. Patient beam delivery durations
have been found to be efficient matching those of the scat-
tering system also in use at the facility.

The scanning system has received the United States Food
and Drug Administration 510�k� clearance. Acceptance test-
ing and commissioning of the system has been completed
and patient treatments are now under way in both uniform
scanning gantries.
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