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Although the idea of proton Computed Tomography (pCT) is not new, it is currently not available. It is
still unknown if the image quality of pCT is sufficient for localizing tumors and if the accuracy of proton
range calculations surpass that of X-ray CT based range calculations without significantly increasing the patient
exposure. The spatial resolution of pCT is limited mainly by multiple Coulomb scattering, while the contrast
resolution is affected principally by the statistical nature of the proton energy loss mechanism. Both effects
are more pronounced and thus easier to study at the low proton energies available at CV-28. An experimental
setup for pCT at CV-28 was elaborated by our team. The first-generation CT scheme was assumed as the most
adequate for the existing CV-28 proton "pencil” beam. All equipment, which includes the collimators for the
initial and outgoing proton beam, the tomographic turntable, and the ORTEC L-035-025-5 proton detector, was
assembled onto the support bar of the ORTEC vacuum chamber. A water-filled glass e ekternal
diameter with @lmmdiameter polyethylene rod on the central axis was chosen as the first sample to be studied.
Later, the water will be substituted by tissue-equivalent solutions of different densities to study the contrast
resolution. A Monte Carlo simulation of the experiment, assun2iigeV monochromatic proton beam, was
made using the SRIM-2003.20 code. The simulation permitted to choose the critical parameters for the setup,
such as the beam collimation, the steps of translation and rotation of the turntable, and the required statistics for
an accurate measurement of proton energy.

I. INTRODUCTION IEN/CNEN [9]. At the CV-28 cyclotron, protons can be acce:-
lerated with variable energy up MeV. This energy is still

Proton radiation therapy is a highly precise form of cancerhIgh enough to pass a prqton.b.eam through a relatively thic
I;;1mp|e, but at the same time it is low enough to be measur

treatment, which spares more healt_hy_tissue and allows hig.h(\g}vith high precision by completely stopping them in a semi
tumor doses than conventlonal_radlatlon ther_apy [1]. In XIS onductor detector [10]. Consequently, the shape of final pr
ting centers, p:joton treatrr;]en(t 1S )pljanne[d] u5|rr]1 9 con\k/]erétlkc]) rEﬁon energy spectra after traversing the ;)bject can be compat
X-ray computed tomography (CT) data [2]. This method has . : . .

o ; : ) with various analytical calculations [11] and an adequate de
“—mIIEd accuracy be_caqse the information about X-ray absorpcription of both inelastic and elastic proton scattering can b
tion across the patient's body does not reflect all physical Pahosen. This will provide useful information of the physical

L?;?ﬁgﬁ;isoge[g?w to calculate the proton range and depth dqlr%itations of pCT with respect to spatial and contrast resc

lution beyond what is currently known, and will support the

Alternatively, the proton treatment gantry could be used tqevelopment of an adequate method for the pCT image r
scan the patient and to reconstruct the electron density distrignstruction.

bution needed for proton treatment planning from measured
proton energy loss data [4]. The energy of protons produced
by the synchrotron at Loma Linda University Medical Center Il. EXPERIMENTAL SETUP
[5] and in several other proton treatment centers [6] is suffici-

ently high for th|§ purpose [7]. ] ) The experimental setup represents a miniaturized first gen

Although the idea of proton CT was first described moreration CT scanner[2], and is located in vacuum (Fig. 1). Thi
than 30 years ago, proton CT (pCT) is currently not availa- types filled with tissue-equivalent solutions serve as test o
ble. There are yet unanswered questions, such as whethkts during the initial phase. By varying the solution den
the density resolution of pCT will be sufficient for accurate sity in small steps, the contrast resolution of the pCT methc
proton treatment planning at an acceptable dose to the patjould be evaluated. The sample was fixed onto the tom
ent [8]. Another important problem relates to the relationshipyraphic turntable, which may be rotated and translated in tf
between spatial resolution of pCT and multiple Coulomb scatgjrection perpendicular to the proton beam axis. The collime
tering. Therefore, it is essential that additional experimentajgq protons from CV-28 would form a pencil beam of suitable
and theoretical studies be performed. cross section, and registered by the Si(Li) ORTEC L-035-02"

Some of the unanswered questions can be well studied &t detector [10], situated behind the turntable. The variab
the low proton energies, available at the CV-28 Cyclotron ofdiameter collimator would be installed between the turntabl
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and the detector. All these components have to be fixed ontion energy values at each projection point were translated in
the support of the existing scattering chamber. water-equivalent path length, i.e. the thickness of a hypothe;
cal water layer providing the same proton energy loss as the
mulated sample along the given trajectory. These values we
used as FBP input to reconstruct the relative electron dens
with respect to water over the sample cross section.

. 2

% \ % IV.  SIMULATION RESULTS

The glass tube wall and the enclosed water filling are cle
arly separated on the images of the phantom cross section
both 25 and 100 parallel projections (Fig. 2 and Fig. 3). On
the other hand, the polyethylene rod, which has @yless
density than water, is visible only on Fig.3. The mathems
tical features of Fast Fourier Transform algorithm, which is
used in the filtered back projection procedure, introduce son
small regional oscillations on reconstructed images near tl
boundaries, enhancing the materials with different densitie
This effect becomes important for the low-resolution image:
FIG.1: The planned experimental layout: the initial proton beani-€., the one obtained fro2b point projections (see Fig.2).
from CV-28 should be reduced in intensity to an appropriate level
(2) via elastic scattering within a target foil (3); the support bar (4),
would be used to mount two collimators (5), proton detector (6)
and tomographic turntable (7); two step-motors (8) will furnish the
turntable with rotation and translation along the motion guide (9);
the signal from the detector will be acquired and modified by rea-
dout electronics (10), and the mechanical motions should be mana-
ged by electronic controls (11) under the supervision of a computer
code (12).

10

Ill. MONTE CARLO SIMULATIONS

A simple computer simulation of the setup performance
was done to explore the parameters of the experimental proce-
dure. A monochromati25MeV proton beam passing through
a water-filled glass tube &mmexternal andimminternal di-
ameter, with ailmmdiameter polyethylene rod on the central
axis, was simulated using the SRIM'ZOO&ZO computer COd%IG.Z: The pCT image reconstructed frd#8 projection points, si-
[12]. Due to the peculiar properties of the code, the tube ha ulated by SRIM-2003.20. The projections were simulated5at

to_ be tre_ated asa set of glass,_ water and pol_yethylene Iayeéauidistant angular positions wi#f steps. The initial number of
with variable thickness depending on the particular geometr

at each projection point.

The length of the parallel projection, i.e., the turntable The statistical limitations for pCT image contrast resolu:
translation range, was assumed tol®@nm For the simula- tion at a given dose will be important. For our simulation
tion, 104 proton tracks were generated for eact26nd100  there are no visible statistical fluctuations in the reconstructe
equidistant turntable positions on the translation range. Botimages. The number of simulated proton track84(events
the energy and position of the outgoing protons were evalufor each projection point) was obviously high enough to ob
ated in the detector plane, situat&dcm behind the turnta- tain the images with a large signal-to-noise ratio. From th
ble. The energy values of theB6and100parallel projection  experimental point of view, this number is quite reasonable
points were defined as the average outgoing proton energy fétor a data-acquisition period 60 seconds it will correspond
a given detector collimation. The parallel projections wereto a proton beam current of only= 2.7- 10 8nA It is an
simulated for equidistant turntable angular positions with theopen question whether it will be possible to reduce the bea
angular step, determined as the smallest integer greater thanrrent to low levels only by a strict collimation, or a beam
or equal to the value predicted by the Nyquist's theorem [2]. scattered by a thin foil beam has to be used to achieve sm

The pCT images were reconstructed using the standariuences. Therefore, the last option has been included in o
CT filtered back projection (FBP) procedure [2]. The pro-experimental setup (see Fig. 1).

%rotons for each projection point was*.
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FIG.3: The pCT image reconstructed frat00 projection points.
The projections were simulated by SRIM-2003.2080equidistant
angular positions witl° steps. The initial number of protons for
each projection point wak".

V. DISCUSSION

We have performed a simulation of a proton CT experi
mental setup using a very simple model, which obviousl
does not take into account some significant characteristics li
the strong asymmetry in proton crossing conditions along tt
sample boundaries: the degradation of energy resolution d
to non-parallel beam collimation, a finite precision of mecha
nic motion, etc.

Our simulation, however, predicts the general data qualit
of the intended experiment. The dimensions of the tomc
graphic sample have an upper limit, determined by the me:
range of the low-energy protons from the CV-28 accelerato
Another limitation is that the diameter of the collimator aper
ture in front of detector cannot be made arbitrarily small: Ir
addition to the possible degradation of energy resolution dt
scattering from the collimator boundaries, there will be a ver
large difference in proton intensity between projection point
and near to and far from the sample center (Fig.4).

Consequently, the main problem was to find a realistic con
promise between the desire to have a reasonably high spa

It should be noted that due to multiple Coulomb scatteringresolution and the given limitations of the CV-28 facility. Ba-
a strict collimation of the detector would significantly reduce sed on our simulations, we expect that measurements with t
the number of protons available for measurement (see Fig. 4jational steps betweetf and4°, translational steps between
Consequently, decreasing of the collimator aperture is limite®). 1mm and 0.4mm and a collimation betweef.2mm and
not only by the technical difficulty to produce very small holes 0.8mm should reproduce the main pCT features. These ra
in arbitrary thick layers, but also by the huge difference inges define the engineering requirements for the tomograpt
proton beam intensity for the central part and the periphery ofurntable.

the projections.

Y ol Passed Prolons
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VI. CONCLUSIONS

In spite of significant simplifications in our simulations, the
results obtained provided a useful guide for the design of tt
experimental pCT setup at CV-28. At this point, the technice
design is complete and all components of pCT system ha
been manufactured. The pCT system is now in the installatic
phase at CV-28.
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FIG.4: The percentage of protons that would be registered versus thgrred.

diameter of the collimator in front of the detector. The data were

calculated for the central projection point, where the reduction due
to multiple Coulomb scattering in the scanned phantom has a maxi-
mum.
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