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Abstract

Purpose: An interplay between detector motion arldCMnotion is a source of measurement error, whese dor
dynamic arc is measured using a dosimetry systemingaelative to the beam central axis during dtation with a
gantry. The purpose of this study is to develop emdvaluate a method of quantitative testing shg/flex of such

dosimetry systems.

Methods: The method is based on evaluation ofivelalifferences between signals measured for twglsiarc beams,
where a narrow slit field is sliding during gantmovement in opposite directions. The component ofeasurement
error related to the interplay effect was first ems®d based on theoretical computer simulations thed on

measurements for four dosimetry systems. The sagrpaf EPID and 2D array was extracted from theasurement

results.

Results: The simulations showed a 4 mm differencieid width and 3.3% difference in relative sigmat beam axis
between test beams where the slit field swept @9ecm in opposite directions ( sinusoidal sag patteith amplitude
of 1 mm was assumed). The signal differences excged% and 5% were measured for EPID and 2D array,

respectively.

Conclusions: Even relatively small detector sagqlnan 1 mm) can produce significant measurenremt, ¢herefore,
the detector sag test should be an obligatory coemtoof a validation of rotating dosimetry systemsgd for QA of

dynamic arcs.
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Introduction

Volumetric-modulated arc therapy (VMAT) has become
standard modality for delivering highly conformaloss
distributions. With the introduction of VMAT, a care-
hensive set of relevant (dynamic) performance tgs® has
become a part of commissioning and periodic QAstaxt
accelerators. Due to the high complexity of the VMplans,
patient specific pre-treatment dosimetry is consde a
prerequisite for patient treatment. It has beemshiiat errors
in dose calculations or delivery can be efficiendgtected
providing that sensitive methods and metrics, aé agerobust
QA equipment are used [4].

2D dosimetry systems (e.g. EPID or linac head-redin
array detector) have been successfully used for YMplan
verification [5-7] and for testing the acceleratdynamic
performance relevant for VMAT [1,2]. However, likelinac
gantry and MLCs [8], these types of dosimetry systean be
affected by the gravity force resulting in a sagn§equently,
the drift of the detector relative to the centrabm axis can
dynamically change with rotation. As a result oé thterplay
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effect between detector motion and MLC motion, degric
errors appear. The importance of the EPID flexhm ¢ontext
of pre-treatment or in-vivo dosimetry of dynamicapé has
already been
corrected EPID flex while others [11] mechanicadtabilised
the EPID panel.

In this study, we discuss the dosimetric impact tioé
interplay effect between detector motion and MLCtioro for
sliding slit arcs based on the results for two 2fedtors: EPID
and head-mounted 2D array detector, and preseatal QA
test designed to quantify this effect.

Methods and Materials

The dosimetric impact of the interplay effect bedwethe
detector and the sliding slit field was tested gsitwo
methodologies: theoretical computer simulations amrgeri-
mental measurements. In both cases, a narrow glglinfield
(1 cm x 20 cm) was moving with constant speed eiff@m
the left (LR) or right (RL) side forming a 20 cm 20 cm
effective field size. During movement of the sliglislit field,

recognised. Some authors [5,6,9,10fe ha
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the gantry of the linear accelerator was rotatirithee
clockwise (CW) from -90 to 90 degrees or counteckWise
(CCW) from 90 to -90 degrees. The movement of tfing
slit field was aligned with the plane (transveraa)l durations
of the gantry rotations. The collimator angle wasd at 0°.
The combinations of the sliding slit field movemamid gantry
rotations created four scenarios abbreviated asCUR LR-
CCW, RL-CW and RL-CCW. The necessary treatmentidiel
were created by the iComCAY software (Elekta), a tool
designed to create control points for QA beamsegsired by
the linear accelerator. The simulations and measemés were
performed for 6 MV photon beams from two Synéthinear
accelerators (Elekta), both equipped with 80-leaf.Qi2
collimators and controlled by Integrity v.4. cortreystem.
Each test was designed to deliver 200 MUs per siera this
study, we defined the detector sag as detectorgatibin
relative to the central beam axis during gantration.

The methodology for the simulations assumed tatstgnal
of the detector exposed to the rectangular slidilitgphoton
field is proportional to the time of its exposure radiation.
Therefore, if due to gravitational sag during tlaatgy rotation,
the detector moves relative to the central beara aiih the
speedyy, its signal may be different for each scenariahef
test. Let us assume that the rectangular slidibfjedd width is
L and the speed of the slit movement across the iel. The
speed of the detector movemeng, will either add to or
subtract from the sliding slit field speed, depegdion the
scenario. For the fixed (still) detector, the tirfieof being

exposed to the photon beam is equal to:
T =L/, Eqg. 1

For scenarios LR-CW and RL-CCW, the exposure fithean

be described by the following equation:
T1=L/(v,-Vvy) Eq. 2

However,

exposure tim@2 is equal to:
T2=L/(vs +Vvy) Eq. 3

The relative difference of detector signals betwées first
group and the second group scenatibBM is described by:

AM /M =(T1-T2)/IT Eq. 4

Equation 4 can be expressed using sliding slit field and

detector speeds; andvy as:
20V, v,

(Vs _Vd)[ﬂvs +Vd)

When the speed of the detectay, is much smaller than the

speed of the sliding slit field,, Equation 5 can be simplified
as:

AM /M =

Eqg. 5

20V,
V

S

AM /M =

Eg. 6
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for the scenarios RL-CW and LR-CCW, the
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Note thatEquation 6 describes the exact solution when the
signal for the “still” detector is defined as aneeage signal
measured/simulated for both directions of ganttation. For
variable speed of the detector movement can be
approximated by the average speed of the detector the
time of its effective exposure to the photon be#hen the slit
field is sliding over an array of detectors, relatisignal
difference between two scenarios for each singkectier is
proportional to the average speed of the arrafiatime of its
exposure. Therefore, relative signal profile défeces
correlate with a variable speed of the array. Oathod of
detector sag testing is based on this relation.atiRel
difference between signal profile measurementsviorsliding
slit arc fields with opposed field motion directfprovides
direct information on possible dosimetric error aath be used
to estimate the detector sag.

The analysis of the detector sag effect is hantpdrg
potential accelerator-related effects like gantnyd aMLC
gravitational sag. Therefore, relative differenbesveen signal
profiles will reflect both interplaying effects: @etor sag and
MLC sag relative to the beam central axis. To asklréhis
issue, a securely head-mounted detector was usewasure
the relative signal difference for all previouslgsdribed test
scenarios. However, this time the measured detesitpral
difference describes only the accelerator-relatéstes, as the
secure attachment prevents any detector movemerimgdu
gantry rotationgergo detector speed is 0.

Simulation

The integrated response of a 1D array to the teamis was
calculated using a computer software written ingbel.5. for
251 detectors distributed evenly in the crossplaner
250 mm. The test beams were represented by aisld f
moving continuously over 19 cm. The slit field insgty was
described either by rectangular or Gaussian digtab of 1
cm width at the 50% intensity level. The gantry miment was
taken into account, by synchronising the slit fielvement
with the 1D array sag. The sinusoidal sag pattétheoarray in
the transverse plane with an amplitude of 1 mm asssimed.
For example, the array sag corresponding to LR-@®@hario
equalled to -1, 0 and 1 at the beginning, in thddie and at
the end of the narrow beam movement, respectivéig. total
time of a slit field movement over the array wagddkd into 10
000 equal time intervals. At each time intervak following
parameters were determined: the position of the faid
centre, the sag-corrected position of each deteatmt the
signal measured by each detector. Simulations per®rmed
for two different responses of detectors: for paietectors and
for Gaussian response with a half value width afird (close
to the response of MatriXX detectors). For a pdigiector, the
calculated signal was equal to a value from thesSiau slit
beam intensity distribution for appropriate cooeden For
Gaussian response, the detector signal was cadulas a
convolution of the detector response function dredlit field
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intensity function. The response of the detectotegrated
over time was then normalised to the average resspohthe
central detector calculated for two opposite dicewt of slit
field movement.

Measurements

Measurements of the planar signal distributiongHerfour test
scenarios for two accelerators were performed udimg
MatriXX ionization chamber array (IBA Dosimetry Gidp
attached to the gantry with a dedicated long hofdem the
same manufacturer and with amorphous silicon elsir
portal (EPID) (Elekta Oncology Systems). The measients
were performed at SSDs of 100 cm and 165 cm, reiblu-
tion projected at isocentre of 7.62 mm and 0.252 famthe
MatriXX and EPID, respectively. The obtained datasw
analysed using OmniPro IMRT v1.7 software (IBA Dostry
GmbH). EPID images were transferred from iViewGT
software to OmniPro IMRT in a TIFF file format angscaled
using the “Pixel Factor” (coefficient from iViewG3oftware)
in order to obtain dose-proportional data. The mmaxh sags
of the EPID and MatriXX arrays relative to the beaentral
axis in horizontal gantry position measured wité thler were
both about 1 mm. Additionally, the sag of the EPWas
determined by analysing images acquired in cineevthding
gantry rotation of a 10 cm x 10 cm field with thielga Open
Air Graticule (Aktina Medical) inserted into the caterator
head. Gantry rotation speed was the same as fdiothetest
scenarios. For successive images, EPID coordinaftethe
central marker were determined in pixels using W@
software, where one pixel corresponded to 0.25 frim. EPID
sag as a function of the gantry angle was calallate a
difference of the marker coordinates between theah@nd
zero gantry positions.

Measurements of dose distributions for the tesinarxos
were also performed using Gafchromic EBT3 filmseThcm
x 20 cm pieces of films were attached to the acrgdsay at
65 cm distance from the beam source and coverddu@t cm
thick Perspex build-up plate. To reduce the measernt
uncertainty, each film was exposed four times whitheased
the dose delivered to the film to about 1.6 Gy. Alins
including two calibration pieces were scanned wihson
Perfection V750 PRO scanner using resolution o63:3m.
Conversion to dose was performed using an
developed program based on three colour channating a
noise reduction procedure and corrections of regdin the
direction perpendicular to the scanning [12,13}alfly, the
planar doses were imported to the OmniProlIMRT safty
where a median 5x5 filter was applied to smoothdata and
the coordinates were rescaled from the measuréahdis of 65
cm to the isocentre.

Additionally, point dose measurements at the beentral
axis were performed for the four scenarios usingmiEa
(NE2571) ionisation chamber. The chamber was placed
custom made output calibration phantom mounted hat t
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accessory tray. This phantom is routinely usedun facility
for QA measurements of accelerator output at diffegantry
angles. Results of the measurements with the Fachramber
and Gafchromic film were considered as referenteyTwere
free of the detector sag effect, as our accessawyi$ a very
robust mounting platform that did not move relatiwe the
accelerator head during the gantry rotation.

Each set of measurements was performed at least times
and the average results were used for evaluation.eBch
detector, relative signal profile measurementstfeo sliding
slit arc fields with opposed field motion direct®nvere
compared and differences between those signals were
calculated. For planar detectors, average relaigeals from
the region of interest 1.6 cm x 3 cm around thenbeentral
axis were additionally calculated and comparedht results
for point detector.

Detector sag

Equation 6 describing the relative signal difference of the
detector exposed to the sliding slit field movingrh left to
right and from right to left allows reconstructiof the actual
sag pattern of the detector (defined by the tramssvehift of
the detector relative to beam central axis as atiom of the
gantry angle). During gantry rotation in CW directj the
transverse coordinate of the centre of the slidiitgfield LR-
CW projected at isocentrg, as a function of gantry angle can
be described by the following equation:

x, =9 F000 g5 Eq. 7
90 DD
For RL-CW scenario, there is a similar equation:
+Q.
=19 000 o5 Eq. 8
9C SDD

whereSDD is the distance between the photon source and the
detector (in mm)g; is the gantry angle between -90 and +90
degrees.

Assuming that the measured profiles are symmétribe
following equation can be derived:

Ml(xi )~ Mz(xi)

A9 = ) + ma(x,)

Eq. 9
where M1(x) and M2(x) are the signals measured by the
detector for the sliding field position,for LR-CW (or RL-
CCW) and RL-CW (or LR-CCW) scenarios respectively.
AS(g) is the transverse shift of the detector at gaatrgleg;,
when sliding slit field travelled a distance &% during time
increment ofAT (As(g;)= vgq-AT). The total shift of the detector
due to sag for an arbitrary gantry angjerelative to the zero
gantry angle can be determined using the follovéiqgation:
ZMl(xi)—MZ(xi)]mx

s(gN)=iAs(gi)=[N

Eq. 10
i=1 i M1(x) + M2(x,)
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Equation 10 describes not only the detector sag but it

includes effects of the sag of linear acceleratmmmonents
(MLC gravitational sag), flex of linac frame, beapnofile
asymmetry and dose rate variation during gantrgtiart. In
order to exclud the above effects, the results of the refer
system the rigid detector can be utilized (e.g.c@afmic film).
Since the results of the reference systeiM1.«(x) and
M2.(x)) are only affected by the effects related to lihear
accelerator, thecan be subtracted from the results meas
by the nonreference systems like MatriXX array and EF
and the final equation for the tested detectorisag follows

Sa(9n) = Z(As(gi )= B8 (9)) =

Eq. 11
_ [i[ M1(x) - M2(x) Mg (x) = M2, (X )D A

T EIMI) FM2(x) MLy (%) +M2,4 (%)

i=1

Equation 11 was used to calculate the sag for the Mat
array and EPID detectors. The “reference” sag oé
accelerator components measured by the referensens
(Gafchromic film) was also calculated usiBguation 10.

Results

Simulation

Figure 1 presents the results of the calculated relativaad
profiles affected by the simulated sinusoidal detecsag
pattern. The two curves iRigure 1 represent the calculat
relative signal distribution in the transverse gldar LR-CW
(RL-CCW) and RL-CW (LRECW) scenarios. The presen
curves were calculated assuming point responseetefctbrs
and Gaussian intensity distribution of a slit fieldror
rectangular slit field intensity distribution orrfdetectors witt
Gaussian response, the simulatiesults are the same exc
for differences in a penumbra region. It can beeddhat the
detector moves at the greatest speed for gantrie asfgO
degree \y/vs=0.0165), as can be deducted from the slop
the sag pattern. At that point, the relatiese calculated fc
the scenario LREW is 3.35% higher than the one for the-
CW scenario. The results of simulations are coastswith the
results obtainable witkquation 6 (3.31%). Almost the entir
calculated profile with the exception of penumregions was
higher for the scenarios where the sliding slitdfienoved in
the direction of the gantry movement (IR, RL-CCW), as
compared to those moving in the opposite directi®tis-CW,
LR-CCW). The signal differences in penumbra reg
represent des blurring effect. The difference between
calculated profile widths at 50% of the maximum elagas
equal to 4 mm, with width smaller for QW (RL-CCW)
profile. The profile width difference was 4 timesegter thar
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the sinusoidal sag pattern amplituand it depended only on
the initial and final sag value

The described dosimetric effect of an interplaywsen
detector motion and MLC motion is proportional be trratio of
the sagnduced detector speed to the sliding slit fieleesh
hence the seitwity of the method can be controlled by t
latter i.e. a twdold decrease in the sliding slit field spe
would double the relative difference between daseggssterec
for the two scenarios.

Measurements

Table 1 presents numerical results of the nurements
performed with MatriXX array, EPID, Gafchromic filrand

Farmer chamber around the beam central axis foifoait

scenarios. The results for all detectors exceptFafmer
chamber were averaged over the cm x 3 cm region of
interest around thedam central axis. The largest differen

between the relative signals registered for the fmenario:
measured with the MatriXX array and EPID for Eleln
accelerator, were 5.4% and 4.3% respectively. Tdative

signal differences resulting from 1 “reference” sag of the
linear accelerator components are represented by
Gafchromic film and Farmer chamber results. Theulte

indicate that the linear accelerator E2 is moresiign to those

effects than the accelerator E1. The direction lodé E:

acceleratorelated “reference” sag partly counterbalanced

dose differences caused by the detector sag, whethes
“reference” sag of the E1 accelerator resulted iargimal

increases of signal differen

g
K] 90.0 1
5
2]
o
2
©
2 80.0
LR-CW
------- RL-CW
-100 50 ) 50 100

off-axis distance (mm)

Figure 1. Simulated response of 1D arrayof point detectors for
LR-CW and RL-CW beams for sinusoidal sag pattern of thi
array
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Table 1. Percentage signals measured at the beam wah axis for the test beams. Signals are normalizeto the average signal of each

detector.
Accelerator Detector LR-CW RL-CW LR-CCW RL-CCW Amax Amean 2*SD

MatriXX 102.6 97.2 97.9 102.3 5.4 4.9 0.4%

E1 iViewGT 102.0 97.9 97.9 102.2 4.3 4.2 0.7%
Gafchromic 100.5 99.5 100.1 99.8 1.0 0.4 0.6%
Chamber 100.1 99.8 99.9 100.2 0.4 0.3 0.5%

MatriXX 101.4 98.2 98.9 101.4 3.2 2.8 0.4%

E2 iViewGT 99.9 99.9 100.3 99.9 0.4 -0.2 0.7%
Gafchromic 99.4 100.7 100.3 99.7 1.3 -0.9 0.6%
Chamber 99.5 100.1 100.9 99.4 1.4 -1.1 0.5%

A - difference between results for pairs of test beas (LR-CW, RL-CW) and (LR-CCW, RL-CCW);

2*SD — expanded measurement uncertainty (k=2)

(a) film E1
£ g
g g
2> k=]
0 )
2 2
3 8
4 o
-100 -50 0 50 100
off-axis distance (mm)
(c) EPID E1
g g
» ]
2 2
K ®
3 ®
-100 -50 0 50 100
off-axis distance (mm)
(e) MatriXX E1
g T g
B B
2 2
w [}
2 2
T T
2 ®
H
[
[
H
- 70

-100 -50 ] 50
off-axis distance (mm)

(b) film E2

------

— T 76 T ]
-100 -50 0 50 100
off-axis distance (mm)

(d) EPID E2

70
16

-100 -50 0 50 100
off-axis distance (mm)

(f) MatriXX E2

-------
......

v T 76 1
-100 -50 0 50 100
off-axis distance (mm)

Figure 2. Percentage signal profiles for LR-CW andRL-CW beams measured with Gafchromic EBT3 films (a,k)) EPID (c,d) and MatriXX
array attached to the gantry with long holder (e,f)for E1 (a, c, €) and E2 (b, d, f) accelerators.
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Figure 3. Sag pattern for EPID (EPID-film) and MatriX X array (MatriXX-film) calculated (Eq. 11) based on measurements performed for
beams rotating clockwise on two Synergy accelerater E1 (a) and E2 (b). 'Reference sag' for Gafchromifiims (film) and uncorrected sag
for EPID (EPID) and for MatriXX array include acceler ator-related effects. Independent measurements oh¢ sag for EPIDs (EPIDm) are

shown for comparison.

Figure 2 shows the relative signal profiles measured whth t
MatriXX array, EPID and Gafchromic EBT3 films fowad
scenarios (LR-CW and RL-CW) for two accelerator$, d&hd
E2. The relative signal profiles measured for tbensrios LR-

CCW and RL-CCW are almost identical and hence not
included inFigure 2. Like in the case of the simulation results,
the MatriXX array and EPID measurements for the E1

accelerator show the highest relative signal diffiee at the
gantry angle close to O degrees. For the E2 aatelerthe
MatriXX array measurements also show similar result
however the EPID results appear to be affecteémdifftly. The
potential explanation is that EPID of the E2 acedte moves
relative to beam central axis against gravity dml measured
relative signal difference at the gantry angle elas 0 degrees
is counterbalanced by the effects of the “referersag. The
width of the relative signal profile measured bg #6PID on
E2 accelerator appears to be marginally larger LiearCW
scenario than for RL-CW one, also suggesting tliDE sag
on this accelerator is negative.
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Detector sag

Figures 3a and 3b show corrected sag patterns for the

MatriXX array and EPID, calculatedEuation 11) based on
the measurements performed on two linear accetsrdd and
E2, for gantry rotating clockwise. Uncorrected gadterns for
the MatriXX array and EPID — including the effeai$ the
“reference” sag Hquation 10, only the first part in the
parenthesis) as well as the “reference” sag pattetarmined
from the Gafchromic film measurements — are alsowsh
Additionally, the EPID panel sag measured for amdite set of
gantry angles with the Open Air Graticule devicesli®wn as
the square markers. The “reference” sag was nbtgidor E1
accelerator but was quite substantial for E2 acatde Hence,
for E2 accelerator, corrected sag pattern curves tife
MatriXX and EPID differ significantly from the uncected
curves. Although the uncorrected sag pattern cufeeshe
MatriXX array on E1 and E2 accelerators differ #igantly,
their corrected sag pattern curves are expectduk tsimilar,
and they are in agreement within 0.2 mm. The recocted
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shape of the corrected sag pattern curve for th® ER E2
accelerator confirms our earlier hypothesis that ftanel
movement relative to the beam central axis is peréal
against the gravitational force during gantry riotat It is
worth mentioning that the corrected sag patternshfie EPIDs
determined usingequation 11 agree well with the sag results

based on the measurements performed with the Opgen A

Graticule validating the methodology.

We found that sag amplitude in transverse plameeded 1
mm for our MatriXX array. Sag greater than 1.5 mmasw
reported [14] for MapCHECK 2 device also attachedat
gantry together with a build-up plate with isocentnounting
fixture. This shows that such heavy dosimetry syst@laced
in isocentric plane are sensitive to sagging.

Discussion

Measurements performed with rotating dosimetry esyst for
an arc beam formed by the rectangular sliding fa@id are
sensitive to the delivery errors and to the detestriable
sagging. Using results of the measurements perfbrmiih 2D
detectors prone to sagging and with the rigid nméss
detectors, we were able to extract the dosimetistodions
caused by the variable sag of 2D detector. The atade
measurement error is proportional to the ratiohef tletector
speed and MLC speed. For 1 mm sag the error caredxg%,
especially for a low speed of sliding slit fielduOstudy shows
that non-rigid (prone to sagging) rotating dosiypetystems
can register erroneous measurement results forrdtaing
dynamic beams, which may potentially
misinterpretation of the QA results.

In the pre-treatment QA of VMAT plans, the dosintet
effects of detector sag are less problematic asafaran
integrated dose is considered. During delivery BfAT plans,
the irregularly shaped segments formed by MLC lsaisuially
sweep over the target area in various directionkipteltimes.
For most VMAT plans with such a complex MLC moveren
the detector sag-related error would be signifigambderated.
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Nevertheless, this moderation may not occur for VIVideams
with low odd number of sweeps where MLC leaves dfav
slowly. The detector sag becomes apparently a gnolibr QA
of VMAT plans, when time-resolved multiple framese a
analysed separately. In such cases, detector kdgee
measurement errors for single frames can be corigata
those for sliding slit arcs. Then, the uncorrectad of rotating
dosimetry modalities can significantly deterioragésults and
limit the ability to detect potential errors in calations and
delivery.

Detector sag-related errors can be of particulgsoirtance
for the QA of accelerators, where detectors rogatiith the
gantry and sliding slit fields might be used to dhehe
accelerator ability to control various beam paramrgeand their
synchronisation in dynamic beams. In such cases) awsmall
detector sag with amplitude less than 0.5 mm couddease
the occurrence of false negative or false positiyges of
errors.

Conclusions

The detector sag test should be an obligatory coemmoof
validation of rotating dosimetry systems used foA @f

intensity-modulated arcs. The testing method pregds this
study is relatively simple and allows estimation pafssible
dosimetric error as well as determination of detectag
amplitude and pattern. The proposed method fointgsigidity

of rotating dosimetry systems is very sensitive and can be
easily implemented even in small hospitals.
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