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Abstract—As part of a program to investigate the feasibility of
proton computed tomography, the most likely path (MLP) of pro-
tons inside an absorber was measured in a beam experiment using
a silicon strip detector set-up with high position and angular reso-
lution. The locations of 200 MeV protons were measured at three
different absorber depth of PolyMethylMethAcrylate-PMMA
(3.75, 6.25 and 12.5 cm) and binned in terms of the displacement
and the exit angle measured behind the absorber. The observed
position distributions were compared to theoretical predictions
showing that the location of the protons can be predicted with an
accuracy of better than 0.5 mm.

Index Terms—Position Sensitive Particle Detectors, proton
beams, silicon radiation detectors, tomography.

I. INTRODUCTION

PROTON radiation therapy is one of the most precise forms
of non-invasive image-guided cancer therapy. It is based

on the well defined range of protons in material, with low
entrance dose, a dose maximum (“Bragg peak”) and a rapid
distal dose fall-off, providing better sparing of healthy tissue
and allowing higher tumor doses than conventional radiation
therapy with photons. At present, the potentials of proton
therapy cannot be fully exploited because the conversion of
Hounsfield values, measured with x-ray computed tomography
(CT), to relative electron density values is not always accurate
[1]. The resulting uncertainties can lead to range errors from
several millimeters up to more than 1 cm depending on the
anatomical region treated.
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An additional issue is the positioning of the patient during
treatment, which could be monitored with in-situ determination
of target positions (e.g. skeletal features) in the treatment room
by using the proton beam itself.

The long-term goal of our project is to develop the capability
to use proton CT (pCT) instead of x-ray CT to minimize these
uncertainties. We plan to test the hypothesis that a proton CT
system based on single-particle tracking can provide electron
density maps for proton treatment planning and dose verifica-
tion that are more accurate and at least as dose-efficient as elec-
tron density maps obtained with conventional x-ray CT. In par-
ticular, we hypothesize that the range uncertainty of protons in
the brain can be minimized from the current value of 3–10 mm,
to 1–3 mm.

Previous work reviewed in [2] and our own preliminary
studies [3]–[8] indicate that proton CT based on tracking of
individual protons traversing an object from many different
directions and measuring their energy loss and scattering angle
may yield accurate reconstructions of electron density maps
with good density and spatial resolution, despite the funda-
mental limitation of Multiple Coulomb Scattering (MCS).
Some works have been published that describe generating
proton-CT images using higher energy protons that exit the
patient with minimum angular scatter. This would require that
the proton therapy facility be able to produce protons with
energies much greater than 300 MeV [9].

II. PCT: MEASUREMENT PRINCIPLE AND LIMITATIONS

The requirement to measure single protons leads to the fol-
lowing conceptual design of the pCT scanner [8]: the proton
locations and directions at the entrance and exit of the phantom/
patient are measured each with a telescope consisting of two x-y
planes of silicon detectors. The energy of the proton is measured
at the exit in a hodoscopic array of calorimeter crystals. Details
are given in [8].

The challenge of proton-by-proton pCT can be evaluated by
a comparison with its established alternative, x-ray CT. This is
shown in Table I. We have encouraging results in essentially
all critical challenges shown in Table I. While x-ray CT uses a
statistical evaluation of the absorption via the photoelectric and
Compton effects, pCT measures the energy loss of individual
protons. In previous studies we showed high contrast imaging
using 140 MeV protons [3]. The dose is proportional to the
square of energy resolution, thus mandating good energy deter-
mination. In addition to the energy resolution of the calorimeter,
the energy resolution is limited by the natural energy straggling,
which in 20 cm water is about 1–2%. Thus good energy reso-
lution of better than 1% in the energy range from 100 to 200
MeV is required, and our results indicate that it can be achieved
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TABLE I
COMPARISON BETWEEN X-RAY CT AND PROTON CT

with crystals like CsI. A detection of individual protons requires
a data acquisition system (DAQ) capable of recording particle
rates in excess of 1 MHz. We have developed such a system for
the readout of silicon strip detectors [10]. The curved trajecto-
ries of the protons inside the phantom create difficulties for the
image reconstruction as well, and instead of a straightforward
Filtered Back Projection (FBP) algorithm, an algebraic recon-
struction technique has been employed [11], [12].

In contrast to x-rays, which either transverse the phantom
unchanged or are absorbed, allowing the reconstruction algo-
rithm to deal with straight lines between the source and the de-
tector, protons are undergoing MCS, which changes the direc-
tion depending on the amount of material traversed and the en-
ergy. This behavior is well understood [13] and allows recon-
structing the most likely path (MLP) inside the absorber when
the entrance and exit trajectories are measured external to the
absorber. An analytical calculation of the MLP as a function of
material, depth, displacement and scattering angle has been de-
rived in [6] but needs to be verified experimentally.

Thus all challenges in the last column of Table I have been
met with the exception of the experimental verification of the
theoretical MLP prediction in the absorber (phantom, patient),
which is the objective of our beam experiment, described in de-
tail below.

III. MOST LIKELY PATH

The theoretical MLP prediction (MLP) and associated one
sigma and 2-sigma envelopes [6] use the well established
Gaussian approximation of multiple scattering theory [13].
Fig. 1 shows predicted trajectories, indicating that the MLP
depends strongly both on displacement and exit angle. One
can see that for typical MLPs the expected uncertainty is of
the order of 300 . The objective of the tracking studies
presented here was to verify the theoretical predictions by
tracking individual protons inside a segmented absorber.

IV. BEAM EXPERIMENT RESULTS: TRACKING THE MOST

LIKELY PATH

A beam experiment with 200 MeV protons was performed
at the Loma Linda University Medical Center (LLUMC) syn-
chrotron. The protons of 200 MeV energy have a negligible en-
ergy spread and are tracked with silicon strip detectors (SSDs)
used before in the 1997 GLAST beam test [14].

Fig. 1. Representative examples of MLPs including one- and 2-sigma en-
velopes of 200 MeV protons inside 20 cm of water [6]. These curves are
colloquially called “bananas”. Left side: zero exit angle, displacement 0 cm
(top) and 0.05 cm (bottom). Right side exit angle 10 mrad, displacement 0.05
cm (top) and 0 (bottom).

Fig. 2. Experimental layout: the 200 MeV proton beam enters from left, is
analyzed in the entrance telescope, passes through the segmented absorber (12
pieces of PMMA of 1.25 cm thickness each), and is again analyzed in the exit
telescope before being stopped in the crystal. For beam diagnostic tests, the
PMMA is removed and for MLP determination, one of the entrance telescope
planes is employed as a roving module.

In addition, a CsI calorimeter crystal provided energy mea-
surement and a trigger for readout of the Si detector system.

A. Experimental Set-Up

Details of the experimental set-up and the data analysis are
given in [15]–[17]. The set-up consisted of x-y silicon modules
with a pitch used as entrance and exit telescopes,
and a CsI calorimeter (Fig. 2). The distance between the silicon
planes in each telescope was . The distance between
the Si planes and the calorimeter was fixed during the runs. The
set-up was flexible in that it allowed for insertion of 10 absorber
plates (1.25 cm PMMA each) and a roving module between
the telescopes. The following basic configurations were used:
a) beam diagnostics, with two x-y planes both in entrance and
exit telescopes, no absorber, b) MLP determination, with one
entrance x-y plane and a roving plane between entrance and two
exit Si planes. In the latter configuration, data were taken both
without absorber (to check the dispersion), and with absorber to
map out the MLP at different depths within the PMMA stack
with the roving module.

For runs with absorber in place, the first entrance module was
removed and inserted at various depths within the PMMA stack
to act as the roving module. The three different locations of
the roving module at 3.75 cm, 6.25 cm and 12.5 cm depth of
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Fig. 3. Sketch of the three locations of the roving silicon module within the
absorber stack (3.75 cm, 6.25 cm and 12.5 cm of PMMA, corresponding to z
coordinates 5, 7.5 and 14 cm, where the front of the PMMA is at the origin).

Fig. 4. Horizontal entrance angle versus horizontal entrance position of the
protons. The beam spread is about 5 mrad. There is a clear dispersion, which
can be explained with a “fuzzy” focal plane at an upstream distance of about 5
m.

PMMA, are shown in Fig. 3. The beam diagnostic configura-
tion allowed measuring the entrance location and angle of the
protons, i.e. the beam size and beam spread, while the MLP de-
termination set-up measured only the entrance location and not
the entrance angle of the proton. Since the MCS angle turned
out to be much larger than the beam spread, this was an accept-
able solution.

B. Beam Characteristics

We measured the characteristics of the 200 MeV proton beam
and found a correlation between angle and position in both the
horizontal and vertical directions, indicating a focus at about
5 m upstream (Fig. 4). The beam divergence was of the order
of 5 mrad. This beam spread is much smaller than the expected
MCS angle of about 50 mrad, within the stack of PMMA plates,
so that there was no need to measure the entrance angle for map-
ping out the MLP. Instead, a dispersion correction based on the
measured entrance position was applied in lieu of the entrance
angle measurement. Since the silicon strips provided a position
resolution of the order of 80 and therefore a good angular
resolution (of the order of 3 mrad) we expect that the beam di-
vergence and the MCS in the SSDs pose the practical limits of
our experimental resolution.

C. Test of Multiple Coulomb Scattering Characteristics

The coordinates of the individual protons were transformed
such that their entrance position and (inferred) direction was

TABLE II
MEASURED AND PREDICTED SPREAD OF THE LATERAL DISPLACEMENTS IN THE

ROVING MODULES AT DIFFERENT ABSORBER DEPTHS

Fig. 5. Horizontal exit angle versus horizontal exit displacement of the protons.
The correlation between exit displacement and the exit angle due to multiple
scattering is clearly seen. A cut on large displacements and large exit angles
along the lines shown reduces the number of events from 33610 to 27201, i.e.
by 19%.

along the z-axis. Thus the x-y locations in the roving module and
the exit telescope were expressed as the displacements relative
to the initial proton direction, against which the exit angle was
measured. The spread of the displacements at the three different
locations of the roving module depends on the amount
of absorber traversed and can be predicted by the Gaussian ap-
proximation of the MCS theory [13]. In addition the spread
in the initial beam direction mentioned above caused an addi-
tional spread in displacements, , which was determined
by taking data without absorber. We expect that the observed

is the square root of the quadratic sum of these two con-
tributions. In Table II we show the spread in the displacements
as a function of the absorber depth. We find good agreement
within 10–20%, indicating that the experimental spread is suf-
ficiently explained by the beam characteristics and MCS. The
intrinsic position resolution and the
angular resolution do not con-
tribute significantly to the spread.

D. Correlation Between Exit Displacement and Exit Angle

With the absorber present, the exit displacement with respect
to the entrance position and the exit angle are highly corre-
lated because individual scattering events determine both the
exit angle and the lateral displacement. Fig. 5 shows this cor-
relation. In addition to the correlated events which are forming
an ellipse a large number of outlier events are visible which we
believe are due to mismeasurement. We used the fiducial cuts
shown in Fig. 5 by horizontal and vertical lines (displacement
absolute values smaller than 4.5 mm and exit angle absolute
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Fig. 6. Correlation between the displacement observed in the roving plane (ver-
tical scale) and exit parameters on the horizontal scale: a) the displacement at
the end of the absorber for fixed exit angle of 30 mrad and b) the exit angle for
a fixed displacement of 0.3 cm (see Table IV).

values smaller than 55 mrad ) to cut out these events. The reduc-
tion in data is 19%: this cut should be optimized in the future.

E. Most Likely Path as a Function of Exit Displacement and
Exit Angle

The MLP analysis then correlates the displacement in the
roving module (i.e. position relative to the entrance position)
with the exit displacement and angle. From Fig. 1 one expects
a positive correlation between the lateral displacement in the
roving module and the displacement, and a negative correlation
between the position in the roving module and the exit angle.

The displacements in the roving module are determined
for bins of in displacement at the material exit and

5 mrad in exit angle, respectively. This is shown in Fig. 6,
where the displacement in the roving module at 5 cm depth is
shown as a function of exit displacement for an exit angle of
30 mrad, and as a function of exit angle for a displacement of
0.3 cm. The expected correlations are indeed observed.

For comparison between the measured displacements and the
theory the original MLP predictions for uniform medium was
modified to include the air gaps of about 1.5 cm in our set-up
allowing for insertion of the silicon detectors. Fig. 7 shows the
displacements in the roving modules located at different depths
within the absorber for a few selected exit displacements and the
prediction of the MLP calculated for the means in displacement
and angle.

The experimental data for an exit displacement of 0.4 cm
are shown with their RMS variations, and the approximate
spread in the theoretical prediction is indicated by the size of
the symbols used. The prediction of the MLP is verified by the
data within less than 200 , much less than the experimental

Fig. 7. Comparison of the displacement measured in the roving plane at dif-
ferent absorber depths for 4 different exit displacements (shown at 18 cm depth)
with the analytical calculation of the most likely path MLP (open symbols: the
size of the symbol is close to the MLP spread). The absorber depth includes the
�1.5 cm free space in front of the roving plane. The external parameters used
are: exit displacement bins of�200�m and exit angles from�80 mrad to+80
mrad. At 7.5 cm depth, the MLP predicts a one sigma band of 330 �m, while
the measurement has an RMS = 480 �m.

TABLE III
MEASURED SPREAD IN THE ROVING MODULES [�m]

spreads. This can only be a first step and has to be followed up
by a procedure where the MLP is calculated for every proton
and then averaged over, and a Monte Carlo study, that includes
all instrument and beam effects.

F. Spreads in the Displacement Distributions Within the
Absorber

There are three different effects that can influence the spread
in the roving modules. As mentioned before, the finite beam
spread influences the spread of the experimental distributions.
This has to be simulated with a full Monte Carlo program. An-
other is the bin size of the exit displacement selected. The third
is introduced when defining the exit angle.

Both the experimental spreads and the expected MLP spread
are constant at a constant roving location for all displacements at
the absorber exit. The spreads in the roving modules are shown
in Table III. For comparison, the spreads of the MLP are shown.

A marked reduction of the spread of the displacement in the
roving module was observed when the information provided by
the exit angle was used. This effect can be quantified by the
slope of the correlation of roving displacement and exit angle
Fig. 6(b). The slopes are different for different roving position,
depend only slightly on the exit displacement and are found to
be identical for positive and negative displacements, as expected
(see Table IV).
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TABLE IV
SLOPE OF ROVING POSITION VERSUS EXIT ANGLE

TABLE V
DIFFERENCE BETWEEN EXPERIMENTAL ROVING DISPLACEMENTS AND

MLP [�m]

Since the exit angle spans range of about 50 mrad for every
displacement (cf. the high intensity region in Fig. 5), one can try
to improve resolution by subdividing the data into bins in angle.
This results in corrections of the roving position between 300 to
500 , depending on the PMMA depth and the angle chosen.
As shown in Table III this actually reduces the experimental
RMS of the roving displacements.

G. Agreement Between Data and the MLP Calculation

The agreement between the data and the MLP calculation
(modified for the finite air gaps at the position of the roving mod-
ules) has been tested for several exit displacements and angles.
It was confined to values in these two parameters which contain
about 80% of the data (see Fig. 5). The data were binned into
bins of in displacement at the material exit and 5
mrad in exit angle. The difference between the experimental dis-
placement and the MLP prediction are shown in Table V for the
three different positions of the roving module. There is agree-
ment within about 350 , with growing disagreement at larger
exit angles.

Fig. 8. Measured displacement in the roving modules at three different ab-
sorber depth for an exit displacement of 2 mm, for three different exit angle
bins of equal bin size of�5 mrad centered at an exit angle of 0.0, 0.03 and 0.05
(�1 exit angle �). The absorber depth include the �1.5 cm free space at the
roving module.

The effect the measurement of the angle has is shown in Fig. 8
for an exit displacement of 0.2 cm. The measured roving dis-
placements are shown for three angles (0, 30, 50 mrad) and com-
pared to the predicted MLP displacements. Measuring the angle
corrects the data by several hundred microns, as expected from
Table III. But at larger angles, the difference between the mea-
surements and the MLP prediction increases. Thus the banana
looks much more skinny in the experiment than in the MLP cal-
culation. While experimental effects can’t be excluded, since the
alignment was verified to only one strip width of 236 and
the beam divergence was not corrected for, we have started a
comprehensive Monte Carlo (MC) study of the experiment and
a comparison between the MLP calculation and the complete
MC results including the beam characteristics and the resolution
of the detectors [18]. This might lead to systematic corrections
of the order a few 100 to the MLP prediction.

The beam test proves that already at this stage, the location of
the proton within the phantom/patient can be predicted to better
than 0.5 mm, validating the MLP approach which uses only ex-
ternal track information for the prediction of the trajectories
inside the phantom/patient.

V. FUTURE PLANS

The next steps are a beam test with an in-homogenous ab-
sorber (i.e. holes and inclusions at certain depths), followed by
CT studies using a rotating phantom. This will require the use
of both the tracker (measuring both positions and angles at both
entrance and exit) and the calorimeter, exploiting the full power
of the pCT scanner.

VI. CONCLUSIONS

We have investigated the precision with which proton tra-
jectories can be predicted within a PMMA absorber. We have
measured the distributions of 200 MeV protons at three loca-
tion within a segmented 15 cm long PMMA absorber and have
compared the mean and RMS with the prediction of the most
likely path (MLP) formalism [6].

The displacements of the protons from their original path
agree well with the theory of multiple Coulomb scattering
(MCS). We show that as expected from the MLP theory we can
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predict the trajectory of the proton inside the absorber to better
than 0.5 mm. This number is expected to improve when the
effect of the beam divergence is eliminated with a measurement
of the entrance angle of the proton.
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