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ABSTRACT

The aim of this work was to investigate the different radiation detectors of
Lopburi Cancer Center by comparing the beam data measurement: output factor, beam
profile, and depth dose for field sizes between 2x2 cm? to 30x30 cm? at the depth of
1.5, 5, and 10 cm for 100 cm SSD in a 6 MV photon beam. For output factor
measurements, 1C 0.3 cm®, Markus parallel plate chamber, and diode were used with
respect to IC 0.6 cm® due to its air equivalence. However for beam profile and depth
dose measurements, IC 0.3 cm®, Markus parallel plate chamber were used with respect
to the diode measurement due to its high spatial resolution as compared with XV film
for some field sizes and depths. The IC 0.3 cm® and Markus parallel plate chamber are
suitable for output measurement except for field sizes smaller than 3x3 cm® The IC
0.6 cm® underestimated the output factor for 2x2 cm? about 24.3% compared with I1C
0.3 cm® due to it suffers from the volume averaging effect. For results concerning
beam profile and surface dose measurement, both IC 0.3 cm® and Markus parallel
plate chamber were not suitable due to their finite size of the sensitive volume. The
maximum penumbra width difference was about 3 mm and the maximum surface dose
for difference was about 3.7% and 9.4% for IC 0.3 cm® and Markus parallel plate
chamber respectively at the field size of 2x2 cm? compared with diode measurement.
Diode is highly suitable for a routine use of beam profile and depth dose measurement
although diode is slightly over-response at the distal region of the depth dose curve
and the penumbra tail due to its non tissue equivalence.

KEY WORDS : BEAM DATA MEASUREMENT/ DETECTORS/ DIODE/
RADIOTHERAPY
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CHAPTER|

INTRODUCTION

The aim of the radiotherapy for cancer treatmenbidelivers the maximum
dose into the cancer cklwhile keeping the normal cell to the minimumsedo
Therefore the trend for changing conventional tegpies to 3D-conformal treatment

techniques has emerged into many institutions diotyLopburi Cancer Center.

Lopburi Cancer Center has treated cancer patieititsthe radiotherapy since
1995. Their instruments include cobalt-60, cesiuBii-1or brachytherapy and linear
accelerator 6 MV. The majority of cancer patienésve been treated successfully
using 2D-conformal technique however the requirami higher technology
machines to achieve more conformal dose distribugcstill demanded. Therefore, in
the near future, the Cancer Center will obtain tlee&y machine which provides the

capability to treat cancer patients using 3D-caomf@rtechnique.

Nevertheless in order to accomplish 3D conformdiatherapy, it does not
rely on the modern machine but also the accuratenbéata required for radiation

treatment planning system (RTPS) to generate astythie isodose distribution.

The measurement of the beam data depends on théremeents of the
manufacturer of the RTPS. However in order to abthie correct beam data, the

detectors performing the measurement is critigatiyortant.

Beam datais the collection of the dosimetric measuremenictvlis the input
for RTPS to create isodose distribution. The maitections of beam data are the

percentage depth dose, output factor, and bearieprof
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Per centage depth dose (PDD)?

Central axis dose distributions inside the patientphantom are usually
normalized to Rax = 100% at the depth of dose maximumand then referred to as
the PDD distributions. The depths of dose maximuch the surface dose of the PDD
depend on the beam energy)hthe larger the beam energy, the larger the depth
dose maximum and the lower the surface dose. Fustaont depth (z), SSD (f) and
energy (lv), the PDD increases with increasing field size p&cause of increased
scatter contribution to points on the central afis.example for 8°Co beam is given
in Table 1.1. For constant z, A and the PDD increases with increasing f because of
a decreasing effect of z on the inverse squarerfagthich governs the primary
component of the photon beam. An example ffic@ beam is given in Table 1.2. For
constant z, A and f, the PDD beyong.zincreases with beam energy because of a
decrease in beam attenuation (i.e. because ofcagaise in beam penetrating power).
An example of PDDs distributions for 10 x 10 Zfields and various megavoltage
photon beams is given in Figure 1.1 and Table Tt size of the buildup region
increases with beam energy and the surface doseases with beam energy. PDDs
for radiotherapy beams are usually tabulated forasg fields; however, the majority
of fields used in radiotherapy are rectangularroggularly shaped. The concept of
equivalent squares is used to determine the sdieddethat will be equivalent to the

given rectangular or irregular field.

Table 1.1 Percentage depth doses for a cobalt-& lre water for various field sizes
and an SSD of 100 cm. (Podgorsak EB. External phbeam: Physical aspects. In:

Podgorsak EB. Radiation oncology physics: a hankldfoo teachers and students.

Vienna: IAEA; 2005.p.182.

A (cm?)

0x0 5x5 10x10 15x15 20x20 25x25 50x 50

PDD(5, A, 100, Co) 68.2% 76.7 80.4 82.0 83.0 83.4 85.2
PDD(10, A, 100, Co) 44.7¢ 53.3 58.7 61.6 63.3 64.4 67.3
PDD(15, A, 100, Co) 29.5% 36.5 41.6 449 47.1 48.6 49.7

® Calculated using Eq. (6.35) with g, = 0.0657 cm™.
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Table 1.2 Percentage depth doses for a cobalt-&t e water for various source to
surface distances, depth Z of 5 cm in a phantom arfield of A=10x10 crh
(Podgorsak EB. External photon beam: Physical aspkt Podgorsak EB. Radiation

oncology physics: a handbook for teachers and sted¥ienna: IAEA; 2005.p.18p.

f=8SD (cm) 60 80 100 120 140
PDD(5, 10, f. Co) 76.2 78.8 80.0 81.3 82.3

Table 1.3 Percentage depth doses for various pHmams in a water phantom with a
field size A of 10x10 cfy an SSD of 100 cm and two depths: 5 cm and 10 cm.

(Podgorsak EB. External photon beam: Physical aspbkt Podgorsak EB. Radiation
oncology physics: a handbook for teachers and stad¥ienna: IAEA; 2005.p.183.)

Photon beam Av

Co-60 4 MV 6MV  10MV  18MV  25MV

Nominal z_, (cm) 0.5 1.0 1.5 2.5 3.5 5.0
PDD(5, 10, 100, Av) 80 84 86 92 97 98
PDD(10, 10, 100, A v) 59 65 67 T4 80 82
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Figure 1.1 PDD curves in water for a 10 x 10°dield at an SSD of 100 cm for
various megavoltage photon beams ranging fi®oy ray to 25 MV X-rays.

(Podgorsak EB. External photon beam: Physical aspet Podgorsak EB. Radiation
oncology physics: a handbook for teachers and stad®ienna: IAEA; 2005.p.182.)

Output factor®

For a given photon beam at a given SSD, the dateeat point P (at depthz
in a phantom) depends on the field size A; thedatlge field size, the larger the dose.
Out put in air is most commonly called collimataater factor or headscatter factor.
Exposure in air, air kerma in air and ‘dose to $madss of medium in air’ at a given
point P in air contain contributions from two comgats: primary and scatter. The
primary component is the major component; it cordiesctly from the source and
does not depend on the field size. Scatter reptese@mminor yet non-negligible
component; it consists of photons scattered intotgd mainly from the collimator but
also possibly from the air and the flattening filtd a linac. The scatter component

depends on field size A (collimator setting): tlaeger the field size, the larger the
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collimator surface available for scattering and smmjuently the larger the scatter

component.

Beam profile®

The beam profiles measured perpendicularly tdo#sn central axis at a given
depth in a phantom. The depths of measurementypreatly at z,ox and 10 cm for
verification of compliance with machine specificats, in addition to other depths
required by the particular radiation treatment plag system (RTPS) used in the
department. An example of typical dose profiles suead at various depths in water
for two field sizes (10 x 10 and 30 x 3039mnd a 10 MV X ray beam is shown in
Figure 1.2. Combining a central axis dose distidsutwvith off-axis data results in a
volume dose matrix that provides 2-D and 3-D infation on the dose distribution.
The off-axis ratio (OAR) is usually defined as tiatio of dose at an off-axis point to

the dose on the central beam axis at the same gtegthhantom.

L4 o s s s o e i et v e T
| ‘ Depth (cm)
[ | 25
8:]— \‘%\ﬁ/ 10
» R
TR
e
2 a0
i 20
o - | — [ —
40
L 30
- r,—.'
) // K
0

-30 -20 -10 0 10 2 30

Distance from central axis axis {cm)
Figure 1.2 An example of beam profiles for twodisizes (10 x 10 cfrand 30 x 30
cn?) and a 10 MV X-ray beam at various depths in wakke central axis dose values

are scaled by the appropriate PDD value for the fields. (Podgorsak EB. External
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photon beam: Physical aspects. In: Podgorsak EBliaRan oncology physics: a
handbook for teachers and students. Vienna: IAE®52.195.)

Megavoltage X ray beam profiles consisttifee distinct regions: central,
penumbra and umbra. The central region represkatsdntral portion of the profile
extending from the beam central axis to within 8-&¢m from the geometric field
edges of the beam. The geometric field size, indicdy the optical light field, is
usually defined as the separation between the 50%& devel points on the beam
profile. In the central region, the beam profile f8Co beams is affected by the
inverse square dose fall-off as well as by incrdgseantom thickness for off-axis
points. For linacs, on the other hand, the cemégion of the beam profile is affected
by the energy of electrons striking the thick taydpg the target atomic number and by
the flattening filter atomic number and geomett@me. In the penumbral region of
the dose profile the dose changes rapidly and dipatso on the field defining
collimators, the finite size of the focal spot (smisize) and the lateral electronic
disequilibrium. The dose fall-off around the georneebeam edge is sigmoid in shape
and extends under the collimator jaws into the pdwmal tail region, where there is a
small component of dose due to the transmissiooutir the collimator jaws
(transmission penumbra), a component attributedirtibe source size (geometric
penumbra) and a significant component due to irepatX-ray scatter (scatter
penumbra). The total penumbra is referred to aphiysical penumbra and is the sum
of the three individual penumbras: transmissiorgngetric and scatter. The physical
penumbra depends on beam energy, source size, S88Ze to collimator distance
and depth in a phantom. Umbra is the region outdideradiation field, far removed
from the field edges. The dose in this region isegally low and results from

radiation transmitted through the collimator anddhshielding.

Dose profile uniformity is usually measured bycars along the center of both
major beam axes for various depths in a water pinanTwo parameters that quantity
field uniformity is then determined: field (beangthess and field (beam) symmetry.
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The beam flatness (F) is assessed by finding #reamum Dyax and minimum
Dnmin dose point values on the beam profile within thatal 80% of the beam width

and then using the relationship:

F:moxm (D)
D +D

Standard linear accelerator specifications gelyerafiuire that F be less than
3% when measured in a water phantom at a deptfl ofrland an SSD of 100 cm for
the largest field size available (usually 40 x 4

Compliance with the flatness specifications aeptd of 10 cm in water results
in ‘over-flattening’ at zax Which manifests itself in the form of ‘horns’ the profile,
and in ‘under-flattening’, which progressively wens as the depth z increases from
10 cm to larger depths beyond 10 cm, as evident fiee profiles for the 30 x 30 ém
field in Fig. 2. The typical limitation on beam Ingrin the zax profile is 5% for a 40 x
40 cnf field at SSD= 100 cm. The over-flattening and urftitening of the beam
profiles is caused by the lower beam effective giesrin off-axis directions compared

with those in the central axis direction.

The beam symmetry (S) is usually determined @k avhich represents the
most sensitive depth for assessment of this beaifioromty parameter. A typical
symmetry specification is that any two dose poortsa beam profile, equidistant from
the central axis point, are within 2% of each oti#dternatively, areas under thgz
beam profile on each side (left and right) of tleatcal axis extending to the 50% dose
level (normalized to 100% at the central axis pomre determined and S is then
calculated from:

areca —area .
left right
§ =100 x £ )
arca left + area

right

The areas under thg,z profiles can often be determined using an autamati

option on the water tank scanning device (3-D isedplotter). Alternatively, using a
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planimeter or even counting squares on graph pajera hard copy of the profile are

practical options.
The good characteristics of the radiation deteateras following

1. Accuracy and precision. The accuracy of dosimetasarements is the
proximity of their expectation value to the ‘truealwe’ of the measured
quantity. The precision of dosimetry measurementgecifes the
reproducibility of the measurements under similanditions and can be
estimated from the data obtained in repeated meamnts. High precision is
associated with a small standard deviation of thstridution of the
measurement results.

2. Linearity. Ideally, the dosimeter readimd should be linearly proportional to
the dosimetric quantit®. If it is not the case then the correction facteed to
be applied.

3. Dose rate dependence. Integrating systems medsuratégrated response of
a dosimetry system. For such systems the measossaheltric quantity should
be independent of the rate of that quantitywever the correction factor needs
to be employed if the detector depends on the diise

4. Directional dependence. Dosimeter usually exhiditectional dependence,
due to its constructional details, physical size #me energy of the incident
radiation. The directional correction factor neadsbe used, especially the

semiconductor dosimetry system for using in vivaaswement.

lonization chamber dosimetry system

An ionization chamber is basically a gas filled ibavsurrounded by a
conductive outer wall and having a central collegtelectrode. The wall and the
collecting electrode are separated with a highityualsulator to reduce the leakage
current when a polarizing voltage is applied to¢chamber.

A guard electrode is usually provided in the chambdurther reduce chamber
leakage. The guard electrode intercepts the leakagent and allows it to flow to
ground, bypassing the collecting electrode. It assures improved field uniformity
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in the active or sensitive volume of the chambath wesulting advantages in charge
collection.

Measurements with open air ionization chambers ireqtemperature and
pressure correction to account for the changeamthss of air in the chamber volume,
which changes with the ambient temperature andspres

In this study, two types of ionization chamber duosiiry system were used.

Cylindrical (thimble/Farmer type) ionization chambe

Cylindrical chambers as shown in Figure 1.3 aredpced by various
manufacturers, with active volumes between 0.1 anzht. They typically
have an internal length no greater than 25 mm amdhirnal diameter no
greater than 7 mm. The wall material is of low atwmumberZ (i.e. tissue or
air equivalent), with the thickness less than Octr§ A chamber is equipped
with a buildup cap with a thickness of about 0.&ng/for calibration free in air
using®°Co radiation. The chamber construction should bhamsogeneous as
possible, although an aluminium central electrodaebout 1 mm in diameter is
typically used to ensure flat energy dependence.

Graphite Central electrode
FTEEE Insulator Quter electrode

\

Aluminium

Dural

Figure 1.3 Basic design of a cylindrical Farmeretypnization chamber. (Izewska J,
Rajan G. Radiation Dosimeters. In: Podgorsak ERli&en oncology physics: a
handbook for teachers and students. Vienna: IAED®52p. 77.)

Parallel-plate (plane-parallel) ionization chambers

A parallel-plate ionization chamber corsist two plane walls, one serving as an

entry window and polarizing electrode and the otieithe back wall and collecting
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electrode, as well as a guard ring system. The beak is usually a block of
conducting plastic or a non-conducting materiab@liy Perspex or polystyrene) with
a thin conducting layer of graphite forming thelecling electrode and the guard ring
system on top. A schematic diagram of a parallateplonization chamber is shown in
Figure 1.4. The parallel-plate chamber is recomradnfbr dosimetry of electron
beams with energies below 10 MeV. It is also uswdstirface dose and depth dose

measurements in the buildup region of megavoltégegn beams.

Schnitt A-B

[

Figure 1.4 Parallel-plate ionization chamber. &: plolarizing electrode. 2: the
measuring electrode. 3: the guard ring. a: thehiafthe air cavity. d: the diameter of
the polarizing electrode. m: the diameter of thikecting electrode. g: the width of the
guard ring. (Izewska J, Rajan G. Radiation Dosinset@: Podgorsak EB. Radiation

oncology physics: a handbook for teachers and stad¥ienna: IAEA; 2005.p.80.)

Surface doses and doses in the buildup regionHotom beams are measured
with parallel-plate ionization chambers incorpangtia thin polarizing electrode
window (to be able to measure the surface dose)aasthall electrode separation
(typically 1 mm, for better spatial resolution).wts found that, in the buildup region
the positive chamber polarity produces a largenaighan the negative polarity as
shown in Figure 1.52 The difference in signals is most pronounced @npthantom

surface and then diminishes with depth until iagigears at depths nf.x and beyond.
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At znax and beyond this curve is more conveniently measwih small volume
cylindrical ionization chamber; the results will tola those obtained with a parallel-
plate chamber. In the buildup region, however, diéndrical chamber will read an
unrealistically high signal because of its excesswall thickness.

Depth

Figure 1.5 Megavoltage photon beam depth doses ureshsvith a parallel-plate
ionization chamber. In the buildup region the pusitpolarity produces a higher
reading than the negative polarity; beyongd.xzboth polarities give essentially
identical signals. (Podgorsak EB. External photaarb : Physical aspects. In:
Podgorsak EB. Radiation oncology physics: a hankifoo teachers and students.
Vienna: IAEA; 2005. 210.)

Radiographic film

Radiographic X-ray film performs severalpiontant functions in diagnostic
radiology, radiotherapy and radiation protectidrcdn serve as a radiation detector, a
relative dosimeter, a display device and an ar¢hivedium. Unexposed X ray film
consists of a base of thin plastic with a radiatsemsitive emulsion (silver bromide
(AgBr) grains suspended in gelatin) coated unifgrort one or both sides of the base.
lonization of AgBr grains, as a result of radiatioteraction, forms a latent image in
the film. This image only becomes visible (film tk&ning) and permanent

subsequently to processing. Light transmission fanation of the film opacity and
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can be measured in terms of optical density (ODh wevices called densitometers.
The OD is defined as OD = loglQy/() and is a function of dosé&, is the initial light
intensity andl is the intensity transmitted through the film. Fifsives excellent 2-D
spatial resolution and, in a single exposure, glewiinformation about the spatial
distribution of radiation in the area of interest the attenuation of radiation by
intervening objects. The useful dose range of filenlimited and the energy
dependence is pronounced for lower energy phofdmsresponse of the film depends
on several parameters, which are difficult to colntConsistent processing of the film
is a particular challenge in this regard. Typicaliim is used for qualitative
dosimetry, but with proper calibration, careful wse analysis film can also be used

for dose evaluation.

Silicon diode dosimetry systems

A silicon diode dosimeter is a p—n junctidiode. The diodes are produced by
taking n type or p type silicon and counter-dopting surface to produce the opposite
type material. These diodes are referred to as o+ Si dosimeters, depending
upon the base material. Both types of diode arentertially available, but only the
p—Si type is suitable for radiotherapy dosimetigics it is less affected by radiation
damage and has a much smaller dark current. Raiptoduces electron—hole (e—h)
pairs in the body of the dosimeter, including tlepldtion layer. The charges (minority
charge carriers) produced in the body of the dosmaevithin the diffusion length,
diffuse into the depleted region. They are swepbsthe depletion region under the
action of the electric field due to the intrinsiotential. In this way a current is
generated in the reverse direction in the diod@dBs are used in the short circuit
mode, since this mode exhibits a linear relatigm&i@tween the measured charge and
dose. They are usually operated without an extdriee to reduce leakage current.
Diodes are more sensitive and smaller in size thgical ionization chambers. They
are relative dosimeters and should not be usedb&am calibration, since their
sensitivity changes with repeated use due to radiatamage. Diodes are particularly
useful for measurement in phantoms, for examplenadll fields used in stereotactic
radiosurgery or high dose gradient areas sucheapeéhumbra region. They are also

often used for measurements of depth doses inrefetteams. For use with beam
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scanning devices in water phantoms, they are packaga waterproof encapsulation.
When used in electron beam depth dose measurentkodies measure directly the
dose distribution (in contrast to the ionizationasired by ionization chambers).
Diodes show a variation in dose response with teatpee (this is particularly

important for long radiotherapy treatments), demene of signal on the dose rate
(care should be taken for different source to ghistances), angular (directional)
dependence and energy dependence even for smadltimas in the spectral

composition of radiation beams (important for theasurement of entrance and exit

doses).
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CHAPTERIII
OBJECTIVES

Resear ch question
Whether or not the detectors of Lopburi Cancer Center are suitable for beam data

measurement?

The objectives of the study are as followed:
To investigate the different detectors in measurement of the photon beam of

Lopburi Cancer Center by comparing the beam data measurements.
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CHAPTER IlI
LITERATURE REVIEW

Garcia-Vicente C et al® determined the effect of the detector size when planning
three-dimensional conformal radiation therapy (3D-CRT) treatments. They found that
organs at risk (OAR) received higher dose levels when a 5.5 mm detector (0.6 cc
ionization chamber) was used to measure profiles compared to the case in which a 2.0
mm detector (PFD®® diode) was used. That was because of the errors in the measured
penumbra of beam profiles by the large detector size. Therefore to avoid this
overirradiation to the organs at risk, the measured profiles should be acquired with a
suitable detector size (2-3 mm active diameter). In this study, the appropriate detector
is PFD3 diode with a 2.0 mm diameter detector for the case of 3D-CRT.

F Haryanto et al® investigated beam output factors (OF), beam profile and depth
dose curve using various detectors (diode, diamond, pinpoint, and ionization

chamber). Their sizes are shown in Table 3.1.

Table 3.1: The dimensions of various detectors. (Haryanto F,Fippel M, Laub W,
Dohm O, Nusslin F. Investigation of Photon beam output factors for conformal
radiation therapy-Monte Carlo simulations and measurements. Phys Med Biol 2002;
47 1 N133-N143.)

Detectors Manufacturer Thickness Surface area | Volume
Diamond 0.25 mm 5.6 mm®
_ PTW-Freiburg, )
Diode 2.5um 1 mm
type 60008
o PTW-Freiburg, o )
Pinpoint 2mm in diameter and 5 mm in length
type 31006
lonization PTW-Freiburg, 3
0.125cm
chamber (IC) | type 31002
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The measurement was performed using linear accelerator photon energies 6 MV.
The depth of measurement was 10 cm and SSD was 100 cm for field size ranging from
1 cm to 15 cm. There was an agreement within 3% for all detectors of OF
measurement for field size larger than 2 cm. The largest difference was observed for
1x1 cm? between the OF measured with diode and ionization chamber which was
found to be approximately 35% due to the detector size and the water equivalence of
the detector material. In addition, ionization chamber results showed lower dose than
pinpoint chamber results because volume of the ionization chamber is larger than that
of pinpoint which leads to increasing lateral electronic disequilibrium. However
pinpoint gave higher dose results for the largest fields due to the over-response of this
detector to low energy scatter. Moreover OF measurement using diode is larger than
that using diamond because diamond detector is better water equivalent than diode
detector. In conclusion, the effect of various detectors to OF measurement for field
size at least 2x2 cm can be negligible but not for field size 1x1 cm. The diamond
detector seems to be the detector of choice for OF measurement for fields smaller than
2x2 cm because of small sensitive volume and its water equivalent. The depth dose
measurement result agreed between diode and ionization measurement at 10x10 cm
field size. Also the good agreement is the same as the beam profile comparison except
the penumbra region. The ionization chamber penumbra measurement was larger than

that of others due to the larger size of the sensitive volume of the ionization chamber.

M Bucciolini et al’ investigated the agreement between PTW diamond detector
with ionization chamber (Scanditronix RK chamber) and diode (Scanditronix p-type
silicon diode) for output factor, percentage depth dose, and beam profile measurement.

The dimensions of the detectors used are summarized in Table 3.2.
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Table 3.2: Geometrical features of the employed dosimeters (Bucciolini M, Buonamici
FB, Mazzocchi S, Angelis CD, Oniri S, Cirrone GAP. Diamond detector versus silicon
diode and ion chamber in photon beams of different energy and field size. Med Phys
2003; 30: 2149-54.)

Diamond Volume: Sensitive area: | Sensitive volume
PTW type 60003 3 5 )
1.4x10% cc | 4.5 mm thickness: 310 um
lonization o Volume: Cavity length: | Cavity diameter:
Scanditronix RK
chamber 0.12 cc 10 mm 4 mm
Detector .
Si-diode o Volume: ) Sensitive volume
Scanditronix 2 diameter: )
0.3x10 cc thickness: 60 um
2.5mm

They found that for output factor measurement, RK chamber showed
underestimation of dose for small field size (2.6 cm) especially at higher energy (25
MYV) due to the averaging effect of the ionization chamber. For percentage depth dose
measurement, diode obtained over response for all field size at large depth (>14 cm)
because the amount of scattered low energy photons increases with depth and the
number of photoelectric interactions in silicon increases too. However it was not found
for 25 MV due to a lower contribution of the photoelectric interaction. The ion
chamber still overestimated dose in the smaller field size however it was less
pronounce for large depth because of increasing the field dimensions. As expected, the
RK ion chamber measured penumbras were slightly higher than those derived by the
solid-state detectors. The diamond detector showed no averaging effect compared with
ion chamber and no energy dependence effect compared with silicon diode detector.
However there are some weak points for diamond detector such as dose rate
dependence, need pre-irradiation dose for signal stability, and high cost but it is
appropriate for smaller field size (<2.6 cm) in intensity modulated radiation therapy or

stereotactic treatments.

Laub W. and Wong T.% investigated the effect of detector size (volume effect) in

the dosimetry of small fields and of steep dose gradient regions in IMRT. The profile
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comparison for IMRT beams was found that a standard ionization chamber (IC) of
0.125 cm® gave broader penumbra due to the volume effect than film (0.2 mm). This
can cause more than 10% to the local difference in dose values in the comparison
between the treatment planning calculation and film measurement when using IC
0.125 cm® for the commissioning of treatment planning system. Moreover the
deviations of measurements using the pinpoint chamber were much smaller than
deviations of measurements using the Farmer chamber for the absolute point dose
comparison. For the output factor measurement for small field sizes, IC obtained
underestimation of the output factor measurement mostly due to lateral electron
disequilibrium. However diode overestimate the output factor measurement because it
is non-water equivalent leading to the increase of the secondary electrons. Therefore
diamond detector was found to be suitable for output factor measurements of small

fields because of its high spatial resolution and water equivalence.

Rustgi S.” evaluated the dosimetric properties of a diamond detector and compare
them to that of a silicon p-type photon diode and a small volume ionization chamber.

The dimensions of the detectors are shown in Table 3.3.

Table 3.3: The dimensions of the detectors. (Rustgi SN. Evaluation of the dosimetric
characteristics of a diamond detector for photon beam measurements. Med Phys 1995;
22(5): 567-70.)

Detectors | Manufacturer | Volume Sensitive area Thickness
Diamond | PTW 1.9 mm’ 7.3 mm’ 0.26 mm
Diode Scanditronics | 0.3 mm® 4.9 mm* 0.06 mm

IC 10 Wellhofer 0.14 cm’ Diameter 6 mm, length 3.3 mm
Markus Plate separation 22 mm, active diameter 5.4 mm

He mentioned that the directional dependence of the radiation response of the
diamond detector for cobalt 60, 6 MV and 18 MV photon beams was more uniform
than that of the diode. However the spatial resolution of the diamond detector, as

measured by penumbra width, was slightly larger than that of the diode detector but
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clearly smaller than to that of the 0.14 cm?® ionization chamber. Also the tissue
maximum ratio (TMR) measurements for small size photon fields (diameter < 4 cm)
with the diamond, diode, and a Markus parallel plate chamber were in excellent

agreement.

As a result, selecting the appropriate detectors for measuring beam data correctly

is the strong motivation for doing this research.
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CHAPTER IV
MATERIALS AND METHODS

A. Materials

1. Linear accelerator
Varian type Clinac 2100 C/D linear accelerator offers five electron beam energies
and two x-ray energies. The x-ray energies are 6 MV and 10 MV see figure 4.1.
The electron energies range from 6 MeV to 20 MeV. X-ray field sizes range from
0.5x0.5 cm?® to 40x40 cm?, at a 100 cm target-to-skin distance, and electron field
sizes from 4x4 cm? to 25x25 cm?. Only photon beam energy of 6 MV was used in

this research.

Figure 4.1 Varian 2100 C/D 6 and 10 MV for photon beam and 6, 9, 12, 16 and 20

MeV Electron beam
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2. Detectors

The dosimetry diode type 6008 (PTW-Freiburg) is a p-type Si diode. Because of the
high signal-to-noise ratio of the diode, see figure 4.2 (a), the effective measuring
volume of the detector can be made small and allows data acquisition with a very good
spatial resolution. The excellent spatial resolution makes it possible to measure very
precisely beam profiles even in the penumbra region of small fields. The waterproof
detector can be used in air, solid state phantom and in water. The detector features a
small sensitive volume is 0.0025 mm® and a thickness of only 2.5 pm. The detector
has reference point at on detector axis of 2 mm from detector trip. Another detector
that is specifically designed for small sized for high spatial resolution is the plane
parallel ionization chamber for the advanced markus chamber type 34045 (PTW
Freiburg) as shown in Figure 4.2 (b). The sensitive volume of this ionization chamber
is 0.02 cm®. The detector is the successor of the well-known classic Markus electron
chamber, equipped with a wide guard ring for perturbation-free measurements. The
thin entrance window allows measurement in solid phantoms up to the surface. The
protection cap makes the chamber waterproof for measurement in water phantoms.
The other detectors used in this study are the cylindrical ionization chambers. The
first one is the 0.3 cm® semiflex chamber tube type 31013 (PTW-Freiburg), see figure
4.2 (c), with a uniform spatial resolution during phantom measurements along all three

axes and designed for relative dose measurement. The second one is has sensitive

volume of 0.6 cm®, vented to air, see figure 4.2 (d).
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Figure 4.2 Detectors at Lopburi cancer center a) Diode p-type detector, b) Advance
Markus (plane parallel) chamber, c) IC 0.3 cm® semiflex, d) IC 0.6 cm®

Farmer chamber.

Table 4.1 Sensitive volume of the employed detectors.

) ICO3
Diode Markus ]
semiflex IC
type 6008 type 34045
Detectors type 31013 Farmer
(PTW- (PTW
. . (PTW- chamber
Freiburg) Freiburg) )
Freiburg)
Sensitive 2 2 s 2
0.0025 mm 0.02cm 0.3cm 0.6cm
volume

3. Water phantoms and software for beam scanning
The acquisition system is a PTW MP3 water phantom (PTW Freiburg, Germany)
with its own electrometer, position controllers and acquisition software, Mephysto mc?
version 1.3.1 as shown in Figure 4.3 (a)-(c).
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Figure 4.3 PTW-Freiburg scanner at Lopburi cancer center (a) water tank, tandem and
control unit, (b) Electrometer PTW UnidosE, (c) MEPHYSTO mc?

Program.

B. Method
1. Output factor measurement

Output factor for field sizes between 2x2 to 30x30 cm? were measured with the
diode, I1C 0.3 cm®, IC 0.6 cm® and Markus parallel plate detector. The output factors
were obtained at 10 cm water depth as the ratio of the detector response for a certain
field size and the detector response for the 10x10 cm? field with SAD 100 cm. For
each irradiation 100 monitor units were used, excluded the plane parallel, that 300
monitor units were used as shown in Figure 4.4. Before measurement, performing
quality assurance for machine in radiotherapy was always required such as optical
distance index, laser, field size alignment, gantry and collimator angles, etc. The %

difference comparison with 1C 0.6 cm® follow equal (3).
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(0/px— o/pic)

ST X 100 (3)

where o/px is the output factor obtains from any detectors and o/p\c is the output

factor obtains from 1C 0.6 cm®.

=SAD
(100 cm)

\ Water

Rl o

—AeEntrab
Axis

Figure 4.4 Output factors measurement setup

2. Percentage depth dose

The percentage depth dose for field sizes between 2x2 to 30x30 cm? were used.
The diode, IC 0.3 cm® and plane parallel detector were setup by considering the
effective point of measurement 0.6 mm from detector tip 9.5 mm and 1.06 mm
respectively. Data were acquired using a source-surface distance of 100 cm. Square
fields, having sizes of 2 cm, 3 ¢cm, 4 cm, 5 cm, 6 cm, 8 cm, 10 cm, 12 cm, 15 cm, 20
cm, 25 cm, 30 cm were employed for PDD measurement, as shown in Figure 4.5.
Depth dose curves, obtained with different dosimeters, were compared for two
different parameters: the distance between points with the same dose value in the high
gradient region and the percent dose differences in the decreasing part of the curve.
Before measurement, performing quality assurance for machine in radiotherapy was
always required such as optical distance index, laser, field size alignment, gantry and

collimator angle etc. The percent difference is calculated from equation (4).



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Medical Physics) / 25

(DD — DDygioae}
- T x
DDgiode

100 (4)

where DDy is the depth dose measured by any detector and DDgjoqge iS the depth

dose measured by diode detector.

Large Field size

10X10 em’

R BT
SX5em

= SAD
(100 cm)

/ \ ‘Water
iy
7

surface

g o1l

Figure 4.5 Percentage depth dose measurement setup

3. Beam profile measurement

Data were acquired using a source-surface distance of 100 cm. Square fields,
having sizes of 2 cm, 3 ¢cm, 4 cm, 5 cm, 6 cm, 8 cm, 10 cm, 12 cm, 15 cm, 20 cm, 25
cm and 30 cm were used. Only the cross plane profile direction was acquired at the
depths of maximum dose (1.5 cm), 5 cm and 10 cm, see in figure 4.6. The agreement
between the different detectors was evaluated by determining percent relative of the
central axis and off-axis, the penumbra 20 — 80% and the penumbra tail. Before
measurement, performing quality assurance for machine in radiotherapy was always
required such as optical distance index, laser, field size alignment, gantry and

collimator angle etc.
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Figure 4.6 Beam profile measurement setup

In this research, the XO mat V film was used to be a reference for the diode
detector due to its high spatial resolution especially for penumbra width measurement

of the beam profile. After that, diode was used as a reference detector for beam profile

and depth dose measurement.
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CHAPTER YV
RESULTSAND DISCUSSION

Output factors

In this result, IC 0.6 cfrwas used as a reference detector. The obtainedtout
factors with the percent difference compared w@&@Hol6 cni, normalized to the 10 x
10 cnf field, and are reported in Table 5.1. The outgutdr using IC 0.3 cfhand
Markus chamber is in close agreement within 2.2%véen %3 and 330 cnf field
sizes compared with IC 0.6 énThe diode output factor measurement compared with
IC 0.6 cni, agrees within 2.1% betweex®and 1515 cnf field sizes. The critical
discrepancy is found for2 cnt field size for any detectors with respect to 16 0.
cm® which is more than 20%. Because a lack of elecamuilibrium and high dose
gradients are present in the small field, IC 0.6° @ontains too large volume to
measure output factor for this kinds of situatiomick leads to underestimation of the
result (Haryantat al 2002). The output factor measured with diode $® @oncerned
especially at large field sizes @0x20 cnf) in which the disagreement is more than
3%. Because diode is the solid state detector wikicbhnsidered high z material (z of
Si =14), the response of this detector considerahtyeases for the low energy
especially larger field sizes due to higher lowrggehoton fraction (Sauer OA and
Willbert 2007).
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Table 5.1 Output factor and % difference compared with 16 @1 for 6 MV of
Varian 2100 C/D with SAD = 100 cm at 10 cm depibrmalized to 1010 cnf field

size.
_ IC 0.3 cnt PP Diode
Field
_ IC 0.6 % diff % diff % diff
size 3 Output Output Output
cm compared compared compared
(cm) factor ) factor _ factor _
with IC with IC with IC
2 0.6245| 0.7763 24.3 0.7690 23.1 0.7642 22.4
3 0.8084| 0.8263 2.2 0.8247 2.0 0.80%0 -0.4
4 0.8605| 0.8617 0.1 0.8609 0.1 0.8422 2.1
5 0.8931| 0.8915 -0.2 0.8913 -0.2 0.87%0 -2.0
6 0.9204| 0.9188 -0.2 0.9180 -0.3 0.9043 -1.7
8 0.9662| 0.9642 -0.2 0.9637 -0.3 0.9570 -1.0
10 1.0000| 1.0000 0.0 1.0000 0.0 1.0000 0.d
12 1.0315| 1.0290 -0.2 1.0292 -0.2 1.0368 0.5
15 1.0662| 1.0626 -0.3 1.0636 -0.2 1.0826 1.5
20 1.1076| 1.1027 -0.4 1.1067 -0.1 1.1450 3.4
25 1.1392 1.1333 -0.5 1.1402 0.1 1.1959 5.0
30 1.1652| 1.1589 -0.5 1.1692 0.3 1.2406 6.5
1.3000
1.2000 e
1.1000 “——-”J*P_;If_;-!
- 1.0000 //
-.E 02000 -/,..(«}é’ : ——IC03cc
g 0.8000 . —m—1C0.6cc
© 07000 //r pe
0.6000 -/ Diode
0.5000
0.4000

Field size (cm)

Figure 5.1 Output factor measurements with various field sized detectors
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Per centage depth dose

Figure 5.2 shows central axis percentagghddose measured with diodes, IC
(0.3 cn?) and parallel plate chamber for (a) field size2e® cnf, (b) field size of
10x10 cnf, and (c) field size of 380 cnf. The signals are normalized to 100% at
depth of maximum dose i.e. 1.5 cm depth.

There is some research mentioned thatéhfenmance of the diode is equivalent
to the diamond detector (Bucciolini &t al, 2003). Diamond detector is as good as
ideal detector especially for small fields and hdyse gradient region because of its
high spatial resolution and water-equivalent matefiiaub W and Wong T, 2003).
Therefore the diode detector is used as a refeiartbés study.

The largest difference between the detsatath respect to diode detector is seen
at the surface (depth = 0 cm) with a relative défee of about 3.5-9.4%, where all
the larger detectors (IC 0.3 érand Markus chamber) overestimate the dose for all
field sizes compared with diode measurement duleetio volume effect (Bucciolingt
al 2003) as shown in Table 5.2 and Fig 5.2. Howeliey show the best agreement
with the diode within 2 % of relative differencedspth of 10 cm for field sizes ok2
and 1610 cnf. Nevertheless diode overestimates the dose atrldepth i.e. 10 and
30 cm which is more than 2% of relative differerfoe field size of 3&30 cnf
because the quantity of low energy are higher rgietadepth and field size leads to

over-response of diode measurement.
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Figure 5.2 Percentage depth dose for (apZnt field size, (b) 1810 cnf field size,

and (c) 3630 cnf field size.

Table 5.2 The relative difference of the percentage depsedu depth 0, 10, and 30

cm for field size 22, 10«10, and 3830 cnf with respect to diode measurement

Depth 2x2 cnf 10x10 cnf 30x30 cnf

(cm) IC 0.3 cnt PP IC 0.3 cm PP IC 0.3 cm PP
0 3.7 9.4 3.5 8.0 2.4 7.6
10 -0.5 -0.5 -0.5 -0.8 -3.3 -3.5
30 0.6 0.2 0 0.2 2.4 2.1
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Beam profile

The XO mat V film was used for a referedegector for diode measurement for
filed size of 2x2, 10x10, and 15x15 Tat depth of 1.5 cm and field size of 10x10,
20x20, and 30x30 chat depth of 10 cm as shown in Table 5.3.

Table 5.3 The penumbra width and the penumbra tail betwelem &nd diode
comparison for field size of 2x2, 10x10, and 15%b% at depth of 1.5 cm and field
size of 10x10, 20x20, and 30x30%at depth of 10 cm.

Depth (cm) Field size Penumbra width (cm) Penumbra tail (%orelative
(cm) dose)

XV film Diode XV film Diode

2x2 0.24 0.24 0.73 0.8

5x5 0.25 0.25 1.3 2.1

- 10x10 0.34 0.26 35 3.7
15x15 0.36 0.26 4.4 51

10x10 0.43 0.4 6.8 7.9
10 20x20 0.71 0.61 10.0 12.0
30x30 0.80 0.89 10.7 14.5

The spatial resolution of XV film depends the scanner resolution. In this case,
the 300 dot per inch (0.08 mm/pixel) of the Vid&" $canner was used for scanning
and Image J program was employed to analyze tha. ddte penumbra widths
between XV film and diode are excellent agreematiti?vl mm. Also the penumbra
tail between these two detectors is well matchexeixdepth at 10 cm with large field
sizes (20x20 and 30x30 &n

Figure 5.3-5.7 show the beam profiles atadiwith the different detectors for
the 2, 55, 10<10, 20«20, and 3830 cnf field size respectively of the depth of (a)
1.5cm, (b) 5 cm, and (c) 10 cm in a 6 MV photoarbeat 100 cm SSD. The profiles

have been normalized to 100% at the central axisdoh depth and field size.
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Figure 5.3 Beam profiles for thex2 cnf field size at (a) depth 1.5 cm, (b) depth 5
cm, and (c) depth 10 cm, 100 cm SSD in a 6 MV phdieam measured with parallel

plate, IC 0.3 cc, and diode detectors in water.
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Figure 5.4 Beam profiles for the cnt field size at (a) depth 1.5 cm, (b) depth 5 cm,
and (c) depth 10 cm, 100 cm SSD in a 6 MV photoanbeneasured with parallel

plate, IC 0.3 cc, and diode detectors in water.
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Figure 5.5 Beam profiles for the 200 cnf field size at (a) depth 1.5 cm, (b) depth
5 cm, and (c) depth 10 cm, 100 cm SSD in a 6 MVt@hdeam measured with
parallel plate, IC 0.3 cc, and diode detectors atewn
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Figure 5.6 Beam profiles for the 2@0 cnf field size at (a) depth 1.5 cm, (b) depth
5 cm, and (c) depth 10 cm, 100 cm SSD in a 6 MVt@hdeam measured with
parallel plate, IC 0.3 cc, and diode detectors aten
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Figure 5.7 Beam profiles for the 3@0 cnf field size at (a) depth 1.5 cm, (b) depth
5 cm, and (c) depth 10 cm, 100 cm SSD in a 6 MVt@hdeam measured with

parallel plate, IC 0.3 cfhand diode detectors in water.
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As expected, diode obtains the higher apatsolution due to its smaller
sensitive volume, its penumbra width is narrowesintithe Markus parallel plate
chamber and IC 0.3 chfor all field sizes at any depths as shown in FégG.8.
However diode suffers from the sensitivity to tbevlenergy due to high z material (z
of Si = 14), the trend of the diode penumbra widttreases especially at larger field
size and depth as shown in Figure 5.8 (c). Resaltserning the %relative dose of the
penumbra tail which contains some amount of low@nare reported in Figure 5.9.
As expected for the diode measurement, it showsehigesponse at larger depth (5
and 10 cm) and larger field size (fromx<1l% cnf).

Both of IC 0.3 crhand Markus parallel plate chamber suffer fromraufficient
spatial resolution compared with diode measureni@ntll filed sizes and depths.
Their maximum difference of the penumbra width camgg with penumbra width
measured with diode is about 3 mm. Moreover corsparbetween IC 0.3 ¢hand
Markus parallel plate chamber was found that IC & gives slightly larger
penumbra width due to bigger sensitive volume gseeted. Nevertheless Markus
parallel plate chamber is the air equivalent biias larger surface area which is non-
tissue equivalent material facing the beam as altre$§ more sensitive to the low

energy which leads to higher value of the penurtditzompared with IC 0.3 cin
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Figure 5.8 Penumbra widths (80%—20%) measured with IC 0.3, drarallel plate
(PP), and Diode detectors at depth of (a) 1.5 b5 cm, and (c) 10 cm for 2, 3, 4, 5,

6, 8, 10, 12, 15, 20, 25, 30 trield sizes at 100 cm SSD in water for a 6 MV mimot
beam.



Fac. of Grad. Studies, Mahidol Univ. M.Sc. (Medieaysics) / 39

10.00
9.00

8.00
7.00

6.00

5.00 —e—1C 0.3 cc

4.00

—=—PP

3.00 —ir— Diode

2.00

% relative dose of penumbra tail

1.00

0.00
2 3 4 5 6 8& 10 12 15 20 25 30

Field size {cm)

12.00

(b) )]
10.00
8.00 — /

6.00

—e |C 0.3 CC

4.00 ——PP

2.00 == Diode

0.00

% relative dose of penumbra tail

2 3 4 5 6 8 10 12 15 20 25 30

Field size {cm)

16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

——|C 0.3 cc

—m— PP

=i Diode

% relative dose of penumbra tail

2 3 4 5 6 & 10 12 15 20 25 30
Field size {cm)
Figure 5.9 Penumbra tail (%relative dose from the borderhef tield size 2 cm)
measured with IC 0.3 cinParallel plate (PP), and diode detectors at depth) 1.5
cm, (b) 5 cm, and (c) 10 cm for 2, 3, 4, 5, 6, 8, 12, 15, 20, 25, and 30 &rfield
sizes at 100 cm SSD in water for a 6 MV photon heam
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CHAPTER VI
SUMMARY AND CONCLUSIONS

A comparison of the response of different dosinsetera 6 MV photon beam
has been performed. The detectors used were 1€n®,6C 0.3 cni, Markus parallel
plate chamber, and diode. For output factor measeme IC 0.3 crf) Markus parallel
plate chamber, and diode were used with respetf 10.6 cni. However for beam
profile and depth dose measurement, IC 0.3 dnarkus parallel plate chamber were
used with respect to the diode measurement duetstchigh spatial resolution
comparable with XV film measurement.

The IC 0.3 crl and Markus chamber measures output factors ctoskose
with IC 0.6 cnf except 22 cnt field size. The output factor measured by IC 0v6 c
obtained lowest value because IC 0.6°dtself has the biggest sensitive volume, it
could not cope with the situations of electronisedjuilibrium and high dose gradient
situation for small field (2x2 cfr The diode detector is comparable with IC 0.6 cm
for output factor measurement for field size betw&e3 and 1212 cnf. The field
size larger than 32 cnf is considerable overestimation due to the hightestnof
low-energy photons.

The depth dose for all field sizes agree well tfee IC 0.3 cml and Markus
parallel plate chamber compared with diode excepgase dose and distal region. The
surface dose measurement by IC 0.3 amd Markus parallel chamber is higher than
the value of diode, again due to their larger gemsivolume. The maximum of the
%relative difference of the surface dose measurem@mpared with diode is 3.7%
and 9.4% for field size>2 cnf measured by IC 0.3 chand Markus parallel plate
chamber respectively. However diode is not tisspevalence as a result it measures
a slightly higher dose measurements at the distabn of the depth dose curve with
the maximum difference about 3.3% forx30 cnf at depth 10 cm compared with IC
0.3 cm.
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The IC 0.3 cml and Markus chamber detect a penumbra width thatdader than
diode measurement due to their finite size, whilede obtains smaller penumbra
width due to smaller sensitive volume. However dicghd Markus parallel plate
chamber slightly overestimate the %relative dosthefpenumbra tail compared with
IC 0.3 cnf at the maximum difference about 2%.

In conclusion, the IC 0.3 chand Markus parallel plate chamber agreed with
IC 0.6 cnf for output factor measurement except smaller e than 83 cnf.
Their surface dose and penumbra measurement codnpéfrediode obtained higher
value due to their finite size of the sensitivewnk. However diode is slightly over-
response at the distal region of the depth doseeameasurement due to its non tissue
equivalence. It is difficult to decide which detmrctgives the proper beam data
measurement. Nevertheless these detectors areblsuifar the 3D conformal
radiotherapy technique. It is required further gtool obtain the suitable detector to
measure dose in the small fields and high doseeagrackegion.

Table 6.1 summary result of Output factor for other detector

Field size
Detector Cause Due to
(cn)
o Lateral electronic
Underestimation of _ o
2%2 IC 0.6 cm disequilibrium due to
Output factor. '
averaging effect.
IC 0.3 cni and o
3x3 to 30x30 op Agree within 2.2%
3x3 to 15x15 Diode Agree within 2.1%
Diode has high z
Above Diod Overestimation of material and large
iode
20x20 Output factor. field size has high low
energy photon.
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Table 6.2 the summary result of Profile for other detector

Summary and conclusidfs /

increase

Field
size Depth Detector Cause Due to
(cn)
Penumbra width is| Diode has high z
All FS | Any depth Diode narrower than IC | material and small
0.3 cnf and PP. sensitive volume.
They suffer from
an insufficient
IC 0.3 cnt . . They are large
AllFS | All depth spatial resolution N
and PP . sensitive volume
compared with
diode
PP is the air
Penumbra width is| equivalent but it has
AllFS | All depth PP narrower than IC | large surface area
0.3 cn? which is non tissue
equivalent material
Penumbra width | High low energy of
Large _ and %relative dose large field size and
10 cm Diode _ ) _
FS of penumbra tail | high z material of

diode
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Table 6.3 the summary result of percentage depth dose lf@r atetector

Field size
Depth Detector Cause Due to
(cn)
Overestimation
IC 0.3 cnf | of the dose
AllFS surface | Volume effect
and PP | compared with
diode
2x2 to IC 0.3 cm | Agree within
10 cm
10x10 and PP | 2%

Diode has high z and
field size and depth

_ Overestimation increase so high low
30x30 10 -30 cm Diode
of the dose energy due to energy
absorption coefficient

ratio
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Table 7.1 to 7.6 Penumbra width (80-20%) in mm and penumbra tail (%relative

dose from the border of the field size 2 cm) for a 6 MV photon beam as measured by

the IC 0.3 cc, parallel plate chamber (PP), and diode. XO mat V film was used as a

standard detector compared with diode measurement of 2x2, 5x5, and 10x10 cm field
size at depth of 1.5 cm and of 10x10, 20x20, and 30x30 cm field size at depth of 10

cm. (move to appendix)

Table 7.1 Penumbra width (80%-20%) at depth 1.5 cm

depth 1.5 cm

" IC0.3cc PP Diode XV film
2 5.05 4.65 2.40 2.40
3 5.00 4.70 2.40

4 5.25 4.90 2.40

5 5.40 4.90 2.45 2.50
6 5.45 5.00 2.50

8 5.50 5.15 2.55

10 5.60 5.15 2.55 3.40
12 5.65 5.35 2.55

15 5.65 5.40 2.60 3.60
20 5.80 5.50 2.65

25 5.75 5.45 2.70

30 5.75 9.75 2.80
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Table 7.2 Penumbra width (80%-20%) at depth 5 cm

ES depth 5 cm
IC0.3cc PP Diode

2 5.25 4.80 2.55

3 5.50 5.05 2.60

4 5.65 5.30 2.75

5 5.80 5.45 2.80

6 5.85 5.55 2.90

8 6.15 5.80 3.05

10 6.25 5.85 3.10

12 6.35 6.10 3.30

15 6.45 6.25 3.35

20 6.65 6.70 3.55

25 6.70 6.85 3.90

30 6.80 7.00 4.20

Table 7.3 Penumbra width (80%-20%) at depth 10 cm

S depth 10 cm

IC0.3cc PP Diode XV film
2 5.50 5.00 2.65
3 5.70 5.35 2.85
4 6.00 5.65 3.00
5 6.15 5.90 3.20
6 6.40 6.20 3.35
8 6.80 6.60 3.75
10 7.10 6.90 4.00 4.30
12 7.30 7.15 4.45
15 7.70 7.70 4.95
20 8.15 8.35 6.05 7.10
25 8.65 9.05 7.55
30 9.10 9.90 8.85 8.00
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- penumbra tail 1.5 cm
IC0.3cc PP | Diode | XV film

2 0.80 0.70 | 0.80 0.73

3 1.30 1.20 | 1.20

4 1.70 1.70 | 1.60

5 2.10 2.00 | 2.10 1.26

6 2.50 250 | 2.40

8 3.10 3.10 | 3.10

10 3.70 3.80 | 3.70 3.50

12 4.20 440 | 4.30

15 5.00 530 | 5.10 4.40

20 6.00 6.60 | 6.10

25 6.80 7.60 | 6.90

30 7.70 890 | 7.70

Table 7.5 Penumbra tail at depth 5 cm
e penumbra tail 5 cm
IC0.3cc PP Diode

2 1.10 1.10 1.00
3 1.80 1.70 1.70
4 2.40 2.40 2.40
5 2.90 2.90 2.90
6 3.40 3.50 3.50
8 4.20 4.30 4.40
10 4.90 5.10 5.30
12 5.50 5.90 6.00
15 6.40 6.90 7.00
20 7.50 8.40 8.40
25 8.50 9.60 9.60
30 9.60 10.90 10.50
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Table 7.6 Penumbra tail at depth 10 cm

penumbra tail 10 cm

" IC0.3cc PP Diode | XV film
2 1.60 1.60 1.60

3 2.60 2.60 2.70

4 3.60 3.60 3.70

5 4.40 4.20 4.50

6 5.10 5.10 5.30

8 6.20 6.30 6.70

10 7.20 7.40 7.90 6.80
12 8.00 8.50 8.90

15 9.10 9.70 10.30

20 10.50 11.40 | 12.00 10.00
25 11.70 12.80 | 13.50

30 12.70 14.40 | 1450 10.70
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