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A pixel-segmented ionization chamber has been designed and built by Torino University and INFN.
The detector features a 224 cnt active area divided in 1024 independent cylindrical ionization
chambers and can be read out in 589without introducing dead time; the digital charge quantum
can be adjusted between 100 fC and 800 fC. The sensitive volume of each single ionization
chamber is 0.07 cfn The purpose of the detector is to ease the two-dimensi@malverifications

of fields with complex shapes and large gradients. The detector was characterized in a PMMA
phantom using°Co and 6 MV x-ray photon beams. It has shown good signal linearity with respect
to dose and dose rate to water. The average sensitivity of a single ionization chamber was 2.1
nC/Gy, constant within 0.5% over one month of daily measurements. Charge collection efficiency
was 0.985 at the operating polarization voltage of 400 V and 3.5 Gy/min dose rate. Tissue maxi-
mum ratio and output factor have been compared with a Farmer ionization chamber and were found
in good agreement. The dose profiles have been compared with the ones obtained with an ionization
chamber in water phantom for the field sizes supplied by a 3D-Line dynamic multileaf collimator.
These results show that this detector can be used for 2D dosimetry of x-ray photon beams, supply-
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ing a good spatial resolution and sensibly reducing the time spent in dosimetric verification of
complex radiation fields. €2004 American Association of Physicists in Medicine.
[DOI: 10.1118/1.1639992

Key words: dosimetric characterization, 2D ionization chamber array, radiation therapy quality
assurance

INTRODUCTION out. A similar architecture has been successfully tested on
Modern conformational external radiotherapy with photonhadr_0 n and electron b_earﬁ%?l’he whole c.hamber Is made of

lexiglas and very thin layers of aluminum and copper. A
tal of 1024 detectors are distributed on a<24 cnt area.

The chamber can be seen in Fig. 1, that shows the central
art(sensitive areaand the four blue covers hiding the read-
ut electronics. Figure 2 gives a schematic view of the cham-
making use of multileaf collimators achieve a very good con-ber’ _where the two planar elecirodes mounted on square

Plexiglas plates can be seen. It must be noted that, for

formation of dose distributions with high gradient fields that hical h d h de is diff
can change with time as intensity modulated radiothetapy. graphical reasons, the patt_e rn drawn Qnt € anode is di erent
féom the actual one, having 14 pixels instead of 32

detector realized with a segmented ionization chamber ha><32 Th thode i luminized Mvlar foil. Th d

been developed to allow two-dimension@D) radiation i ¢ efca fo'lefls Ian afL.Jl;nlmtz_e yarb Oc;d d € anode

measurement in real time. A detector with similar design hai—‘OnSISS of a Toil ol giass Mber ussue embedded In epoxy
t

beams takes advantage of fast computers, sophisticated algo
rithms and precise mechanics to get closer to the goal o
concentrating the damage on the tumor while sparing health
tissue. As a drawback, verification and safety issues ma§
become extremely cumbersome and crutfallechniques

shown good results in the dosimetry of hadron and electro c_ommermally known as Vetr_o nitsandwiched bet_ween “_’VO .
in layers of copper. By using the standard printed circuit

beams!® in this paper a detailed description of the detector i i
and the results of its dosimetric characterization are prepoard(PCB) technique we obtained 3232 square conduc-

sented for photon beams. With respect to other kind of syst-'ve pixels, 7.5 mm wide, on one side of the Vetronite foil;

tems such as parallel plate flatness monitdrquid ioniza- the 100um tracks connecting each pixel to the output con-

tion chamber array&? electronic portal imaging devicag nector and the electronics boards lay on the opposite side of
silicon diode array4! and matrice¥ this detector has sey- € foil and were covered by a thin layer of nonconductive

eral advantages: granularity, spatial resolution, fast and dedifint to aymd cross t"?llk and contribution from charges cre-
ated outside the fiducial volume.

time free readout, high dose rate capability, stability, resis- , , .
. g P 4 4 The anode and cathode foils are fixed to 5 mm thick
tance to radiation. . . ) :
Plexiglas plates. An additional 5.5 mm thick Plexiglas plate,
with 1024 holes, is placed between anode and cathode. The
MATERIALS AND METHODS diameter of each hole is 4 mm. The plates are not sealed,
thus the air volume inside each chamber communicates with
) ) - the outside.
(PXC), whose main features are 2D readout capability, large 024 cylindrical ionization chambers arranged in a square of
detection area, good homogeneity and dead time free reagxx 24 cn? area. Each chamber $i@ 4 mmdiameter and

Chamber design and construction

electronic board

VLSIchip

anode

holed layer

cathode

Fic. 1. The pixel-segmented ionization chamiexC). Fic. 2. Exploded view of the PXC.
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5.5 mm height, the center at a distance of 7.5 mm from the

center of the next one. The sensitive volume of each single ]

ionization chamber is about 0.07 8m . <I:> imectaee
The overall area of the PXC is 650650 mnt, while the e

dimension along the beam axis is about 20 mm.

The typical high voltage working value is400V. A
passive low-pass filter is used to filter the high frequencies
picked up from the high voltage cable.

Front end read out and data acquisition C]
Lk

The design of the front end is based on the recycling

&
RS 412

integrator architectur® Briefly, the input current from each {::J}" inte rface
pixel is integrated and a number of pulses proportional to the
charge collected by an individual pixel are sent to a 16-bit Fic. 3. Block diagram of the data acquisition system.

counter. An ensemble of 64 channels has been integrated in a
single very large scale integrati¢k'LSI) chip}*

At any given time all the counters can be latched and the The TTL signal logic used on the front end and NI cards
results are stored on a register. This is like taking a snapsh&€s not allow driving long lines; thus two interface cards
of the charges collected by the 1024 pixels. The relevanpave been designed and built to transform all the TTL digital

features of the front end circuit are summarized below. ~ Signals into RS-42Xdifferential TTL). Two flat 34-lead
] ) cables up to 200 m long connect the front end card and the
(i) ~ The charge corresponding to a pulharge quan- computer hosted NI card.

tum) can be adjusted between 100 fC and 800 fC via  Figyre 3 shows a block diagram of the data acquisition
an externally regulated voltage. In fact the charge issystem. A read out cycle for the 1024 pixels may take a time
generated with a pulse loading a 200 fF capacitorgs short as 50@s; it must be noted that for most applica-

which is then discharged on the integrator itself.  jons a readout rate of 1 Hz is sufficient and does not flood
(i) Maximum pulse frequency is 5 MHz which results in \ith data the read out computer.

a limit for the pixel input current of 4.A for a charge The same system allows online display of the 1024 sig-
_ Quantum set at 800 fC. . ~ nals and data storage on disk. While online display can be
(i) Linearity from 100 pA up to the maximum current is performed with a maximum refresh rate of 1 Hz, data storage
. within 1%. . . can be performed at full speed taking advantage of the
(iv) Dark current counting rate is at the level ofl Hz. memory located on the NI read out board. A sample display
(v)  Charge quantum spread is less than 1%. of the computer monitor during a typical data taking session

(vi)  The change of charge quantum as function of temig shown in Fig. 4. The parameters checked in this case were
perature in the range 20°C-30°C is less thane 2p distributions of counts integrated over the last second

_1fC/°Cfor a charge quantum at 600 fC. and the 2D accumulated charge, displayed every second.
(vii) Polarization voltage of the chip is5 V.

(viii) No dead time is intrgduced during readout. becauseoosimetric characterization
the charge quantum is subtracted from the integrator
input as the current from the detector flows in and the The dosimetric characterization of the PXC was carried
latch located at the output of the counters does nofut using PMMA layers placed upstream of the PXC to ob-
affect the counting itself. tain different water equivalent depths. Backscattering effect
was taken into account placing a thickness of 4.0 cm of
The VLSI chip has to be kept outside the radiation fieldPMMA downstream of the PXC.
because, though radiation damage is not a conteitre- A method to intercalibrate the pixels has been imple-
sponds to radiation approximately the same way as the PX@ented; it sets no request on the beam, which can have any
itself. Contribution to the counting due to stray radiation hasdimension and any shape. However, the beam shape must not
been measured with fields of several dimensigimsthe change during the three subsequent irradiations needed for
range 5<5 to 10x 10 cnt) and resulted below 0.2%. the calibration. In this way the user can decide to calibrate
The bus between front end cards and data acquisition infust the area of PXC needed for the measurement. In our
cludes, besides the 16 data lines, 10 address lines to multase, for example, we have calibrated the PXC with a
plex 1024 pixels. Furthermore an analog reset to discharg24x 24 cnt field when working with &°Co unit and with a
the integrator capacitor at the beginning of the operations, 42x 12 cnt field size when usig a 6 MV x-ray photon beam
digital reset to clear all the counters, and a strobe to latclobtained with an Elekta clinical linac equipped with 3D-Line
them are necessary. dynamic multileaf collimator.
The data acquisition system is based on a National Instru- The calibration procedure is the following.
ments(NI) fast input/output 32-bit digital PCI card mounted  Step 1: the PXC is centered on the beam axis and irradi-
on a computer hosting the LabView software. ated.
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Integral 3D

Fic. 4. Computer display during a typical data acquisi-
tion session.

d ) R+
A3zl &

Step 2: after a 90° rotation about beam axis, the PXC isnd in terms of linearity with dose rate selecting four points

irradiated again. (0.74, 1.5, 3.0, 6.12 Gy/mjnobtained changing the Elekta
Step 3: finally the PXC is shifted by one pixg.5 mm in linac pulse repetition frequency. These measurements were
cross-plane direction and irradiated for a third time. performed with a 1810 cn? field size at maximum dose

After this procedure and applying an appropriate algo-equivalent water depthd(,,=1.5cm) by placing PMMA
rithm the pixels are correctly intercalibrated. Using an eXter'Iayers upstream of the PXC.
nal dosimeter as reference for one of the pixels, the PXC "4 tissue maximum ratif MR) has been measured with
absolute calibration factor is obtained. All results shown inthe 6 MV photon beam at different water equivalent depths.
the following were obtained after applying the calibration PMMA layers were placed upstream of the PXC and the
procedure mentioned above. ?ffective point of the PXC, that is half-way between anode

To measure the detector response stability, two differen d cathod laced at | i 100 S Axi
tests have been performed. In one case, the PXC has beBfC CaNOdE, was placed at Isocenter, a CM SOUrce AXIS

irradiated during one month of daily measurements %ca  DiStance(SAD). The TMR data obtained with the PXC were
irradiation facility, taking great care to avoid any mechanicalcOmpared with the same data obtained by the PROGC ioniza-
stress to the PXC detector, in order not to modify the dis{ion chamber.

tance between anode and cathode. In a second test, the PXCThe output facto(OF), defined as the central pixel read-
has been used in three different hospitals, with three differering normalized at the field size of ¥010 cn?, was deter-
accelerators ovea 7 month period; moreover, for servicing mined using the PXC and the Farmer chambet,gf, of the
purposes, during this period the PXC has been disassembl&MV x-ray beam.

and reassembled several times. WitBo beam, tests were The relative dose profiles measured with the PXC and a
done at a water equivalent depth of 1.2 cm with a field sizeyater phantom, m a 6 MV x-ray beam at the field size of
of 24x 24 cnf. The linear accelerators were an Elekta SL10x 10 cm, were Compared_ Scan of beam prof"es were
75-5, a Siemens Primus and a Varian CLINAC 610 CD withmade with a three-dimensional water phantom sy<@mw,

6 MV 24x 24 cnf photon beam at maximum dose equiva- Freiburg, Germany Scans were made with a cylindrical ion-
lent water depth. o ization chamber, model 31002, which had a 0.123 ewi-
A 6 MV photon beam of an Elekta SL 75-5 clinical ac- ume and a diameter of the sensitive area of 5.5 mm, con-

celgrator, cglllmated with an addmonql 3D-Il_|ne multileaf nected to a PTW Tandem dual channel electrom@@e15.
collimator with 2X 20 leaves, 6.2 mm wide at isocenter, was . . .
For all measurements the effective points for the ion

used for the PXC dosimetric characterization. The 3D-Line
collimator supplied square fields up 022 cn?. chambers(PXC, Farmer and PTW 310D2vere placed at

A Farmer-type ionization chamber Capintec PRO6C, Withisocenter and the SAD were 80 cm fiCo and 100 cm for

a sensitive volume of 0.65 cna 6.4 mm inner diameter, Elekta linac. . ) ) o
polarized at a bias voltage of 300 V was connected to a The uncertainty of the experimental data is the statistical

Capintec electrometer, model 192, and used as a referen¥gfiation observed over the measurement values and resulted
dosimeter to determine the dose and the dose rate to wat@r5% for all measurements. In the following, error bars are
along the central beam axis following the AAPM TG#1 shown only when the symbol dimensions are smaller than
code of practice. experimental uncertainty.

The dosimetric characterization of the PXC was carried All data have been corrected for temperature and pressure
out in terms of linearity with dose in the range 0.1-10 Gyvariations.
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Fic. 5. Sum of the four central pixels reading as a function of polarizationFis. 7. Normalized raticR between PXC and PRO6C current as a function
voltage obtained at 3.5 Gy/min. of dose rate to water faa 6 MV x-ray beam.

RESULTS AND DISCUSSION between the readings obtained at 400 V and 500 V were less
than 0.1%. The polarization voltage equal to 400 V for the
PXC was selected.

The signal reproducibility of the PXC has been tested Using the two-voltage method*2a collection efficiency
during one month of daily measurements &t°@o irradia-  varying between 0.985 and 0.988 respectively dgg, and
tion facility and it was found constant within 0.5¢0). In 10 cm water depth was found.
addition, the stability of the PXC response was measured
over a 7 mont_hs per_iod. Repeqting the calibration in threyose and dose-rate dependence
different Hospitals with three different 6 MV accelerators, ) .
the relative variation in the chamber response was 1.3% Ihe response of the PXC with respect to charge buildup
(10). As a comment to this value, one has to take into acand integral dose has been verified by exposing it to several
count that during the period in which the tests were per_doses. In Fig. 6 the behavior of the detector in the range
formed the chamber has been moved and dismounted sevefyl—10 Gy is shown, where the linear correlation coefficient
times. The quoted value can then be considered an uppé?2 was found to be equal to 1.000. _
limit for the variation of chamber response. There is no evi- 10 evaluate the dose-rate linearity, the ratibetween the
dence for any dependence on time or integral dose. The sefbarges measured with PXC and PRO6C at the sdmg

sitivity measured atl,,, with a 6 MV beam was 2.1 nC/Gy. depth was determined. Figure 7 shows the above ratios nor-
malized at 0.74 Gy/min as a function of the dose rate to

water.
Collection efficiency The average value of the PXC background was 1.1

. . . +0.05 counts/s, to be compared with 1000 counts/s at
The readings of the PXC in terms of collected chalige dyray fOr @ dose rate of 3 Gy/min.

nC) were studied as a function of the polarization voltage to
determine the optimum working point. Figure 5 shows the
sum of the four central pixel reading obtained as a functionfissue maximum ratio, output factor, and beam

of the polarization voltage wita 6 MV x-ray beam atl,,,.  Profile measurements

At this depth the dose rate was of 3.5 Gy/min. The difference Figure 8 shows the TMR data obtained with a 12

in collected charge in the range 400-500 V was 0.1%.  x 12 cn? field size with the PXC compared with the same
The same measurements were performed also at 5.0 CHata obtained with a Farmer chamber. The results are in
and 10.0 cm equivalent water depths. The relative differencggreement better than 0.4%, well within the 0.5% experi-

mental uncertainty.

Detector response stability

g 2
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Fic. 6. Average reading of the four central pixels of the PXC as a functionFic. 8. TMR data obtained with a 2212 cn¥ field of a 6 MV x-ray beam,
of the absorbed dose to water determined at,. using a Farmer chambén\) and the PXCQO).
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1.02 CONCLUSIONS
{3; :ﬂ(') : [ A pixel-segmented ionization chamber has been designed
% 0.99 i and built by Torino University and INFN. It features a 24
8 098 X 24 cnt active area divided in 1024 separately readout cy-
0.97 A i lindrical ionization chamber&ixels) 4 mm diameter and 5.5
096 1 mm height, with a 7.5 mm pitch. The whole chamber can be
gzi readout in 50Qus without introducing dead time in the mea-
% % ¢ 3 8 © ® 1 @& i surement and the digital charge quantum can be adjusted
okl stas (i) between 100 fC and 800 fC. The sensitive volume of each
single ionization chamber is 0.07 ém
Fic. 9. Output factor data obtained for a 6 MV x-ray beantgf, using a The dosimetric characterization of the PXC has been per-
Farmer chambe¢/) and the PXQ(O). formed in a PMMA phantom usin§°Co and 6 MV x-ray

photon beams. The PXC has shown good signal linearity
with respect to dose and dose-rate to water. The average
sensitivity was 2.1 nC/Gy, constant within 0.5% over one
The output factor response results measured by the PX@onth of daily measurements. Charge collection efficiency
and the PRO6C ion chamber are presented in Fig. 9 for difwas 0.985 at a polarization voltage of 400V for a 3.5 Gy/min
ferent field sizes varying from:85 cn? to 12<12 cnf. The  dose rate.
results show differences smaller than 1%, however within Tissue maximum ratio and output factor determined with
the experimental uncertainty 0.5%. the PXC were in agreement with the ones obtained by
Figure 10 shows the comparison between the beam prd=armer ionization chamber. A good agreement was also ob-
files obtained in a water phantom with the PXC and with anserved between the dose profiles obtained with an ionization
ionization chamber, for a 2010 cnt field size atd ., NOr-  chamber in a water phantom and the PXC for the field sizes
malized on the beam central axis. Data are in agreement asupplied by the 3D-Line dynamic multileaf collimator.
the flat top, in the penumbra region and in the tail region. A similar version of PXC has been tested in the past as
The three regions are related to different contributions: thelosimeter of hadron and electron bedmsn the present
flat top is strongly dominated by the intercalibration of the paper it is shown that the PXC can be used for conventional
1024 chambers. As previously described, the PXC has beeD x-ray beam dosimetry too.
calibrated using a method independent from the beam shape The good spatial resolution over a large area shown by the
and here the effectiveness of the calibration can be apprecPXC can sensibly reduce the time spent in dosimetric verifi-
ated. In the penumbra region, the volume in which the meaeation of complex radiation fields.
surement is performed is important. In our case each one of
the 1024 individual (_:hambers in _the PXC has a 0.07 CM ACKNOWLEDGMENTS
volume aml a 4 mmdiameter that is small enough to accu- )
rately measure the profile, as long as the field size is not The authors thank Dr. Igor Gomola for performing the
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