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Abstract— Monte Carlo computer programs such as the The wax material of the beam degrader has a physical den-
GEANT4 toolkit include precise models of particle interactions  sity 0f0.926g/cm?®. The water-equivalent thickness in terms of

and can be an invaluable tool for studying the feasibility of new ; ; -
imaging techniques such as proton computed tomography (pCT). proton stopping power is 0.981 cm (1 cm wax0.981 cm wa

Presented in this paper is a comparison of laboratory data with ter) for high en_ergy _prOtonS' The elemental composition of the
GEANT4 predictions for the imaging characteristics of a simple Wax was described in [12], and is very close to that of polyethy-
metal object using a particle beam and a silicon particle detector. lene, which is, by weight, 0.143711 H and 0.856289 C.
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Computed tomography (CT) has become an important toc ! | WEH------- L
in medical imaging. Reconstruction methods allow doctors ti T L BaDs
make detailed pictures of everything from the brain to the hear T R "

CT is especially important in imaging irregular growths or dam- I

1)
aged and diseased tissue for treatment purposes. However, &= 7 Y
ditional CT scans using X-rays as probes have a disadvanta %//J/}}/
of a relatively high radiation dosage. A possible alternative ilBearm 2
proton computed tomography (pCT), an imaging technique th: Wax | Memm o Hem
substitutes protons for X-rays. Imaging with protons could have
the advantage of providing similar quality reconstruction WitﬁLG- 1-CTEXperimental setup used for the study of Proton Computed Tomogra-
much less dose. [13] Phy (pCT).

In order to study the feasibility of pCT or other alternative ) ) . ) . )
imaging techniques, it is important to be able to understand theEach SSD consists of a pair of single-sided silicon strip
proton transmission images seen in the lab. An accurate andl§tectors, originally developed for the gamma-ray large area
sis of laboratory data requires the use of detailed computer sipRace telescope (GLAST). [3] Each single-sided detector is
ulations. GEANT4 is an excellent tool for this purpose [7]. |$omposed of 320 thin strips of silicon aligned parallel to each

this paper we will examine the correlation between laboratofjl€r in a plane. In each detector plane, two of these single
data and GEANT4 simulations. sided detectors are arranged such that they have orthogonal strip

orientation. The detectors are 40t thick, with a pitch of 194
microns, and outer dimensions of 6.4 cm by 6.4 cm. These de-
tectors measure the trajectory of the protons (incident x and y
A. Setup position and direction) as well as their energy. The first is de-
Data for our initial experiments was taken using the medict@rmined from strip-hit information, and the latter by measuring
proton synchrotron at Loma Linda University Medical Centethe charge deposited in the detector. [11]
A monochromatic beam of 250 MeV protons is degraded by a
25.4 cm thick wax block, resulting in protons with mean enerdy- Energy Measurement
of approximately 130 MeV. The protons then pass through aFor each event there are three kinds of quantities recorded:
5.0 cm long aluminum tube (outer diameter OD = 3.0 cm, innervent number, strip hit information for each detector, and time
diameter ID = 0.68 cm) resting on a polystyrene holder araver threshold (TOT). The strip hit information tells which
placed 25 cm behind the wax block. The protons were thstrips in the SSD are traversed by protons. Since each detec-
detected by two sets of silicon strip detectors (SSD), one pladed plane contains two silicon detectors with strips oriented in
directly behind the tube, and the second 27.3 cm from the fipgrpendicular directions, both x and y trajectories can be mea-
as shown in Figure 1. sured with high precision.

Il. EXPERIMENT



As protons pass through the detector, they deposit som
amount of charge in the silicon that depends on the energy o
the proton. This energy creates a signal which is transmitted tc
a binary chip with a threshold that can be set for every chan-
nel, and has a fast output of TOT. The TOT depends linearly or
the input charge up to about 100 fC. By using specific proton
energies and measuring the corresponding TOT, an experimel
tal calibration curve was obtained. This curve, shown in Figure :
2, was used to calculate the proton energies from TOT in oul
experiment. [11]
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ues, and including multiple-hit cuts and chip calibration.
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— 'i] important to verify its accuracy at the types of energies useful
LLUMC | GLAST
Synchrotron P Beam | 5| AC Test Beam for pCT. [1]
R T L. The parameters for the simulation were matched to the phys-
10 100 1000 10° ical setup described in Section 1I-A. The simulated beam con-
Proton Energy [MeV] sisted of 250 MeV monochromatic protons. The dimensions

for the wax block, aluminum tube and silicon detectors were
Fig. 2. Bﬁ/ us;n?dSpTeociTﬁc Eroton energieslan?bmef’ﬂsuring the COYLESPonéii?@ntical to the experimental setup, as were the alignment and
fme over reshol (101 s xperimentlcallvaton curve s otaneddhacing of these objects. The wax was modeled as a simple
solid made of 85.6% carbon, 14.4% hydrogen, with density
p = 0.926g/cm3. Each detector was modeled as two thin
In the process of recording the data, certain events were gkeets of silicon adjacent to each other. At the plane of the
cluded from analySiS. One feature of the integrated circuit Usagtector, the energy, x and y positions and incident ang'e were

for the readodtis that it only returns one TOT value per detecrecorded for each proton. The data was then analyzed in a man-
tor regardless of how many strips are hit. Multiple-hit eventger similar to the experimental data.

are generally from individual protons passing through an area
at the e_dge of two strips in a plane, in which case the depositqq/_ COMPARISON OFEXPERIMENT WITH MONTE CARLO
charge is shared between strips. Therefore, in order to get good i .
energy resolution, we exclude any events that activated méte Multiple Scattering
than one strip per plane. The resulting average energy vs posiAs particles travel through matter, they interact primarily
tion measurements are shown in Figure 3. with nuclei via the Coulomb interaction, and scatter. If the ma-
terial is thick enough, many small deflections combine to pro-
duce scattering angles in a Gaussian distribution of predictable
width:

The Monte Carlo simulation program GEANT4 was used to
model our simple experimental setup. GEANT4 was devel- B x zy/z/Xo 1)
oped by RD44 with the goal of providing a toolkit to simulate Bep
the passage of particles through matter. Although GEANT4 Here p is the momentungic the velocity,> the charge num-
was primarily intended (and tested) for the simulation of highyer of the incident particle and/ X, is the thickness of the
energy physics experiments, it can be applied to a wide varighadium in radiation lengths. [4] We would expect to see this
of applications, including medical physics. For this reason, it §aussian behavior in both the data and the simulation.

. ) _ For this measurement, we relaxed the requirement of only
IThe circuit used here was designed for GLAST [10]. It is a low-power

design meant for use in a satellite. An amplifier custom designed for the p@f]e h't per pIar_1e dISCUSS_ed in Section II-B. This "?’ to aVO'O_'
application is currently in development as a replacement. bias, since particles traveling at an angle are more likely to hit

Il. SIMULATION
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Fig. 4. Simulated proton energy vs. position without cuts.

Fig. 5. T-D image of one simulated proton being scattered by the wax a
aluminum tube, generated using GEANT4. The wax is the large box, the sin
sided SSDs are shown in green, the aluminum tube in red. The points where
proton impacted the detectors are shown in black. The red lines are seconc
particles created by GEANT4 (delta rays).
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Fig. 6. Two-D side view of event in Figure 5. It is easy to see the ang
of deflection between the incident proton and the final path after it has pas:
through the aluminum tube.

multiple strips. In order to extract information about the mul

each proton was the incident angle at the plane of the first de-
tector. However, in order to compare the simulation with exper-

iment it is important to make the same set of cuts on the both
sets of data. Therefore we required that the "good” events in

the simulation must also impact both detector planes. This then
excluded any protons that scatter with an angle large enough to
miss the second detector.

We compared scattering data for protons that passed through
the aluminum tube (region A in Figures 3 and 4) separately
from scattering data for protons that did not pass through the
aluminum (region B in Figures 3 and 4) . The comparisons for
each region are shown in Figure 7.

There is good agreement between the experimental and sim-
ulated results. Both distributions are roughly Gaussian in shape,
and centered at zero. The spread in scattering angles in region
A is significantly wider than the spread in region B. This is ex-
pected, since the scattering angle depends on the amount and
density of material traversed. GEANT4 appears to accurately
simulate multiple scattering for protons at these energies.
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tiple scattering of the protons in the experimental setup, it was ) i __ i
Fig. 7. Comparison of the scattering angle of exiting protons for experiment

important to be able to match events in the first and second q;%

ints) and simulation (histogram) in regions A and B as indicated in Figures

tector planes. By comparing the x and y position of the prot@and 4. The area under the histograms was normalized to correspond to the
hit in the first plane to the position in the second plane, the i@ of the experimental curves.

cident angle from the norm was extracted and recorded.

In running the simulation, one of the parameters recorded for



B. Energy Loss the simulation, perhaps because their composition and density

Protons lose energy in matter mostly through atomic excit'® npt correctly specified. .It is difficult, however, to explain
tion and ionization. This process is well described by the Bethié€ Size of the discrepancy in energy loss due to these sources
Bloch equation. At the energies relevant to pCT, this equati@iPne- This could indicate errors in the TOT to energy cali-

gives the stopping power (i.e. mean rate of energy loss) to Bration curve. We used an extra.polafcion of.the curve to fit the
approximately data. However, there are no calibration points in the range of

energies that we are seeing in our experiment, approximately
40-160 MeV, (see Figure 2) so we may hot be using the correct
calibration at these energies. Another possible source of error

whereZ and A are the atomic number and atomic mass &iould be instabilities in the beam energy, which impact both
the absorber; the charge of the incident particle apdhe spe- experimental resuIFs and cqhbratlon. In addition, the beam may
cific gravity. [4] Using the information about the wax provided'@ve been contaminated with low-energy protons.
in Sections II-A, the theoretical change in energy of the 250
MeV protons can be calculated. We expect the energy of t.,
protons that have passed through the wax only (region B in F £ AL L
ures 3 and 4) to be approximately 136 MeV while those passi @ 1000
through both the wax and the aluminum (region A in Figures
and 4) to be about 57 MeV.

For the experimental energy measurement, the set of ¢
outlined in Section II-B were used. For the remaining "good
events, the proton energies at the first detector plane were «
culated from the TOT using the calibration curve as explain¢ 40
in Section II-B.

The energy of the simulated protons was recorded at the 200
cation of the first detector plane. We again excluded events t|
did not impact both detector planes, so as to be consistent w -
the experimental cuts. 500

As in section IV-A, we considered the data from the protor
passing through region A in Figures 3 and 4 separately frc
those passing through region B. The results are shown in Figi = 41—
8. -

It is obvious from Figure 8 that the simulation and experi 300~
mental energy data do not agree as well as the multiple sc r
tering sets. In region B there is a heavy left tail to the exper 200
mental data that the simulation does not predict. The exister
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of this tail seems unusual, as theoretically there should not | RN *‘;
this many low energy protons if these protons passed throu 0 RO A T o AP PP AP WP T S .|
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the wax only. These tail events could be from several sourc
First, some of these could be protons that passed through uie
aluminum and scattered at larger angles before depositing ei-8. Comparison of the energy of exiting protons for experiment (points)
ergy in this region. However, since the number of protons scapd simulation (histo_gram) in regions A and_B as indicated in Figures 3 and 4.
. S he area under the histograms were normalized to correspond to the area of the
tering at large angles should be small, this is likely only a sm%uperimemal CUIVes.
portion of these events. Itis also possible that these are events in
which significant charge sharing occurred, but did not register
as having readings in more than one strip. Another possibility
is that these events originated from the pile-up of two protons V. FUTURE WORK
that were registered as a single proton. In continuing this work, it is first important to understand
There is also a discrepancy in the average energy of expttre discrepancies between the GEANT4 simulation and experi-
iment and simulation in each region. In region A, the expennent. The TOT calibration needs to be evaluated and improved,
mental results seem too high, while the simulated results muahd calibration in the detectors needs to be performed on a
too low. In region B, though the peaks are closer, the simulatedannel by channel basis. The wax and aluminum materials
distribution is much more asymmetrical then the experimentalso needs to be examined to determine if we are modeling them
These errors could come from a number of sources. It is pggoperly. We may also need to adjust the modeling of the beam.
sible that the wax and the aluminum are not properly treated@nce we understand these factors, we can move on to modeling

Measured Proton Energy [ Me')
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