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The Iltalian PRoton IMAging (PRIMA) collaboration ideveloping a Proton Computed
Radiography (pCR) apparatus. It should be consiterdirst step toward Proton Computed
Tomography (pCT), which is expected to be a vakabbl to directly measure stopping power
distribution of tissues and to improve the quatifytreatment planning in proton therapy. The
pCR apparatus includes a tracker (based on a seemtical tracker modules, each including a
silicon microstrip detector) to measure protonecspry and a calorimeter (made of four
YAG:Ce optically separated crystals) to measur@uas energy. Two tracker modules can be
assembled in a x-y plane, capable to measure ta ¢oordinates of the incoming proton. The
first assembled x-y plane has been recently coupdethe calorimeter, and this system was
tested with 62MeV protons. Results from this expent are presented in this contribution.
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1. Introduction

One of the main advantages in using protons aid iligns to treat tumors is the possibility
to tightly shape the radiation dose to the targgdtime, thanks to the peculiarities of the
interaction of hadrons with matter. However, thatsp accuracy of proton therapy is still
presently limited by the uncertainty in stoppingveo distribution, which is calculated from the
photon attenuation coefficients measured by X-magyagraphy [1]. This uncertainty could be
reduced by directly measuring stopping powers witproton beam, by means of a proton
tomography (pCT) apparatus [2],[3]. The aim of puoject [4] is to design, manufacture and
test a proton computed radiography (pCR) protofgpesmall objects analysis. Multiple images
of the same object, taken at different angles @/gusing a rotating phantom), will be used to
develop novel reconstruction algorithms, able tooaat for multiple Coulomb scattering and
thus not entirely based on Monte Carlo simulatiassin present times [5]. The final pCT
system should be able to measure electron dendityagcuracies better than 1% and with a
spatial resolution better than 1 mm. The main mablvith pCT is that protons do not move
along straight lines across the medium becauseutifple Coulomb scattering. Anyway, single
proton tracking is a promising way to collect ascinwas possible information in order to
circumvent this difficulty [6], [7].

The pCR system presented in this paper has bedégnddsto detect protons with initial
kinetic energy high enough to transverse a humankt(in the range 250 to 270MeV), with a
particle rate of ~1MHz, in order to collect datathin a time of the order of 1s, suitable to
clinical demands. This device includes a trackasseld on silicon microstrip sensors, and a
segmented calorimeter formed by four YAG:Ce crgstalhe tracker measures proton
trajectories, upstream and downstream the pharntoterms of angle formed with beam axis
and position in the transverse plane, while thergakter measures particle residual energy.
These parameters are the input data necessaryctdata the protons most likely path. As a
matter of fact, it has been recently proved thaemi-analytical algorithm [8] is suitable to
determine the most likely path of protons and tcoaat for the blurring effect introduced in
proton radiographic images by Coulomb scatterifgg [9

Both the tracker components and the calorimetestaly have been extensively tested
with charged patrticles [10]-[14]. A single YAG:Ceystal was tested with 62MeV protons at
INFN-LNS (Catania, Italy) while the 4-crystals dewiwas tested with 200MeV protons at
Loma Linda University Medical Center (Loma LindaACUSA). The silicon sensor and its
readout electronics were tested wghparticles from a®Sr Source at INFN Florence and
62MeV protons at INFN-LNS. The first measuremerggied out by coupling silicon sensors
to the calorimeter are presented in this contriwuti

2. System under test

An overview of the complete pCR system design iscdbed in Figure 1. A detailed
description can be found in [10]-[13]. It includesracker and a segmented calorimeter (a). The
tracker is composed of 4 x-y planes (pl to p4) blEp#o measure x and y coordinates of
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particle trajectory. Planes pl and p2 measure megrangle and position; the object under study
(a phantom in this case) is placed in the gap letwdanes p2 and p3; planes p3 and p4
measure exit angle and position. The distance legtvemtrance (or exit) planes is about 1cm
and could be changed to optimize the measuremettityguBeyond the last plane (p4), protons

stop inside the calorimeter (a), which measuresgbaresidual energy.
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Figure 2: photograph of the tracker module. The L-shaped
Figure 1: architecture of the proton computed radiography o P grap ! P

system, including four x-y planes (p1-p4) and awsenged digital bpard sits on top of the fron.t end boartieTsilicon
calorimeter (). sensor is placed on a squared hole in the centaedatter.

A x-y plane is composed of two identical trackerdules, each including a 256-channels
silicon microstrip detector (c), analog front-en8I& and digital electronics for data acquisition
and transmission. The detector is processed frdfiveafer and has an active area 51x5Fmm
The silicon detector, produced by Hamamatsu Phcgors a 256-channels microstrip sensor
obtained by implanting’mstrips in a 200um thick n-type floating zone wafgth <100> crystal
orientation. Strip pitch is 200um. This sensor ésigned to be operated in the range 100 to
200V reverse bias: full depletion voltage is ldsmt 75V and the leakage current at 200V is less
than 500 nA. Strips are AC coupled to the readadisby an integrated capacitance of 280pF,
and biased through a 1.2%Mpolysilicon resistor.

One of the two tracker modules within the same pigne is flipped upside down and
rotated by 90° to measure both the x and y lo@édttory coordinates. Each tracker module
includes two electronics boards: a front end bdhjd carrying the silicon microstrip detector
(c) and readout ASICs, and a tracker digital bdald which communicates with the control
terminal (PC) through an Ethernet connection. Atpb@aph of a tracker module is shown in
Figure 2.

The readout ASIC consists of 32 independent channetluding a charge sensitive
amplifier, a shaper and a comparator suitable ¢olyore a digital output by comparison with a
threshold V.. The threshold level of each front end board carchiosen independently of the
others, and a fine threshold regulation througlepixdmeters can be made chip by chip. Thus
the thresholds on a given board, expressed in Varks
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V) = 1650+ AV, -V, (1)

where j=1...8 is the ASIC index, 1.650V is the goi@nt level of shaper output, (1.6804;,) is
the threshold level set on the board andid/the fine regulation aimed to optimize the
performances of th&'jchip.

The tracker digital board carries a low-cost FPGRhwhigh input-output capabilities
(Xilinx Spartan 3AN XC3S1400AN), a static RAM memgocomposed of 4 1Mbitx16 static
memories) and a commercial Ethernet unit (MemecxX2Fmini-module). The main role of the
FPGA is to sample the 256 data lines from ASIC dmsff to implement pre-processing
(including zero-suppression) and to store reducsd ¢thside the memories. Data from about
400x16 events can be stored on board using the presewdire version.
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Figure 3: block scheme of experimental setup. A and B iiche two tracker modules. Details about calaemand
trigger generation are given. Trigger can be geadranly if both the tracker modules are readydquire data and
assert the trg_en lines.
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Noise level can be made negligible if a properghotd level is chosen. On the basis of
electrical front-end board calibration and Montel@aimulations about the charge released by
protons in silicon, we estimate [12] that it is gibde to track protons in the energy range of
interest (up to 250MeV) with high efficiency andMaoise. In particular, a noise occupancy
<10° is obtained as long adV{n-V))>50mV. In the case of protons with kinetic enexfy
62MeV or less, the 99% efficiency is ensured fochhnnels ifAV<250mV AV <100mV in
the case of 250MeV protons).

Each scintillating crystal has 30x30 rhoross section and is coupled to one photodiode.
The analog outputs of photodiodes readout eleasaaie directly sampled by a commercial (14
bit, 50MHz maximum sampling frequency) acquisitimard, in order to measure their maxima,
which are proportional to the energy released @ dhystals. These signals are used also to
generate the trigger and the event number (GENg GEN is incremented by one at each
trigger, and then attached to all data generatedaoier modules and by the calorimeter. GEN
is used to merge offline data taken by the traekekr by the calorimeter.

The system actually tested in this work, which ésatibed in Figure 3, included the
calorimeter and one x-y plane (formed by trackedubes indicated here as A and B). Data
have been measured using the Catana beam lind=B-LINIS (Laboratori Nazionali del Sud),
at Catania, Italy. At this facility protons are atarated by a superconducting cyclotron up to
the kinetic energy of 62 MeV. When required, proémergy can be degraded placing absorbers
along the beam line. Particle rates in the rand® kHz have been used in our test. A
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collimator was placed at the end of the beam pipstream the x-y plane, while the calorimeter
sited few centimeters downstream the plane.

3. Experimental resultsand discussion

An image of the 62 MeV beam, as measured by thelbeiye, is shown in Figure 4. Here
the number of protons crossing the plane at a givgmposition is shown using false colors.
About 100x16 events with a single cluster have been selectegnerate this map. This image
can be split in four regions (I-1V), according toetcalorimeter crystal which generated the
trigger. For instance, events in region | are réedrby tracker modules following a trigger
generated by crystal no. I. Crystal no. Ill was eaabled to generate trigger during these
measurements, thus data in the corresponding regeomissing. Scattered protons crossing the
microstrip sensors with large incidence angles dbhit the crystals and do not produce a
trigger. For this reason, there is a region clossensor border in which no events are recorded
(x>180, y>220 or y<50). A projection of the maprajoy axis is shown in Figure 5. A Gaussian
fit is superimposed to the plot. The resulting d&ad deviation g=2.17mm) is in good
agreement with the collimator diameter (5 mm).
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Figure 4: number of protons crossing a given x-y positiorf-igure 5: projection of the map shown in Figure 3 alongisa
The position is given in term of strip index (stgftch is A Gaussian fit of the main component is superimgosethe
200um). Collimator diameter is 5.0mmV»=200mV. plot.

A map of events triggered by crystals Il and IVnding the correct correlation between
tracker and calorimeter data, is shown in Figurén@his case the relative position of beam
axis, x-y plane and calorimeter is different frohatt of Figure 3. Moreover in this case the
collimator was removed from the beam pipe. Evergg¢red by crystal Il (IV) are plotted as
red (black) scatters. The projection of these dédag y axis is shown in Figure 7, where the
number of events with a given y coordinate triggeog crystal Il (1V) is plotted with a solid
red (black) line.

The ASICs on the tracker front end board produdigigal output whose duration T{VE)
is related to the charge released by particles Witbtic energy E in the silicon sensor. This
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duration can be measured by the FPGA on the tradiggal board, and used to improve the
calorimeter reading. The dependency of most prebdbtation on ASIC threshold is shown in
Figure 8. Both the tracker modules exhibit a linglpendency with the same slope (-
1.10ns/mV) but different intercepts (670 ns and A8 This is due the fact that a different
threshold regulation was made on the two modulegptamize their noise performances. In
Figure 9, pulse duration measureddat,=200mV is plotted versus protons kinetic energy. In
this case the dependency is not linear because afdn-linear response of chips.

250

.....
Z

N
(=1
(=]
L s B

-
(4]
(=]

-
(=]
(=]

y position (x200 micrometers)

(3]
(=]

-
Ty

|

| O T o W TN e AT A W St [ St
50 100 150 200 250
y position (x200 micrometers)

I\

150 200 250
X position (x200 micrometers)

°::

Figure 6: map of events triggered by crystals Il (red) anBligure 7: projection of data from Figure 6 along y axis.eTh
IV (black). AVth=200mV, 62MeV initial kinetic energy. histogram of events triggered by crystal IV (ll)a®tted with a black

The collimator was removed from the beam pipe. (red) solid line.
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Figure 8: Most probable value of pulse duration T versus@SIFigure 9: Most probable value of pulse duration T versus
threshold AVy, at fixed proton kinetic energy (E=62MeV).proton kinetic energy E at fixed thresholVE=200mV).
Duration is expressed in terms of clock cyclesdklperiod is Duration is expressed in terms of clock cyclesdklperiod
10ns). is 10ns).

4, Conclusions

A system for proton radiography has been desighedcludes: i) a tracker based on Si
microstrip detectors and ii) a segmented YAG:Cermaketer. Previously, all the components
had been manufactured and tested separately vatbn® of various energies. The first test with
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protons at INFN-LNS of a tracker x-y plane coupledhe calorimeter has been reported in this
contribution. Protons in the energy range 20-62Melih a particle rate in the range 1-50 kHz,
were measured. It has been proved that data fromougtracker modules and from the
calorimeter can be correlated offline by using G, and that an unambiguous event building
can be carried out. Moreover, results obtained wivious experiments in a preliminary form
have been improved using a more significant stasistn particular it has been proved that a)
the beam profile can be correctly measured antidbjasponse TV E) of tracker ASIC has a
linear dependence on threshold voltageaVa fixed proton kinetic energy E.

The assembling of the complete tracker (with 4 plgnes) is presently under way, and a
beam test with 200MeV protons at Essen WPC is atbddn 2010. The development of a fast
readout electronics for the calorimeter, suitabléncrease the particle rate toward the target
value of 1MHz, is under way as well.
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