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In this work, we have developed a robust daily quality assurance (QA)

system for pencil-beam scanning (PBS) dosimetry. A novel phantom and multi-
PTV PBS plan were used in conjunction with the Sun Nuclear Daily QA3 multi-
chamber detector array to verify output, range, and spot position. The sensitivity

to detect change in these parameters with our designed tests was determined

empirically. Associated tolerance levels were established based on these

sensitivities and guidelines published in recent American Association of Physics

in Medicine (AAPM) task group reports. The output has remained within the 3%

tolerance and the range was within £1mm. Spot position has remained within

+2mm. This daily QA procedure is quick and efficient with the time required for

setup and delivery at less than 10 minutes.



























power. Linear stopping power (S) is defined as the average energy loss per

distance.

An additional quantity, the mass stopping power (%) can be defined as the

energy loss per distance independent of mass density of the material in which

the particle is traveling.

dE
pdx

The Bethe-Bloch formula (Equation 3) describes the linear stopping
power in more detail, considering relativistic effects at low proton energies and

quantum mechanical effects at high proton energies.

= anrzmec? (5) () [m 2o - p2 = S = ] 3)

The Bethe-Bloch formula is a function of (Z) which is the atomic number of

the absorbing material, Na is Avogadro’s number, re is the classical electron

3















b= 7 1+ gy () ©

Highland’s formula is essentially a shortcut, avoiding the complicated
algebra required with Moliere theory through parameterization. Here, x is target
thickness and Xo is radiation length of the target material. Xo is a property of the
medium material and can be found in look-up tables. Highland’s theory shows
that the Gaussian width varies with the square root of the target length. A
correction for large-angle single scattering events contained in the parentheses is
necessary to fit experimental data. The Gaussian portion of the MCS can be
exclusively used in radiotherapy for beam line design and for solving other
physics problems. However, for the determination of absorbed dose in a patient,

large-angle scatter corrections must inevitably be included.

2.4 Nuclear Interactions

Proton slowing down is caused by soft EM interactions, but they also
undergo hard single scatters. The particles involved in a proton beam slowing
down in matter can be categorized as primary or secondary. Primary particles
are the protons that undergo only EM interactions with atomic electrons or
scattering with atomic nuclei. Secondary particles result from any nonelastic

nuclear reactions. Secondaries that can be produced at radiotherapy energies






produce an increase in dose due to overlapping of low dose tails of a field of
pencil-beams. The more pencil beams, the larger increase in dose, until one
beam is far away enough from the other for the halo to reach. Thus, halo

increases with field size and the number of overlapping low dose tail regions.

The influence of nuclear reactions can be observed in the Bragg peak as
the slow, linear increase of depth deposition in the proximal plateau region of the
Bragg curve. This is a result of the linear rate of loss of primary fluence to nuclear
interactions. Nonelastic nuclear reactions have the effect of lowering the Bragg
peak because they remove protons before they deposit energy at the end of their
range. Instead, the energy is deposited further upstream and increases the

entrance region of the Bragg curve.

The physical principles of protons interacting in matter are what allow
proton therapy to deliver a very conformal dose. Normal tissue which is proximal
to a treated tumor area may be spared because it falls within the buildup region
of the Bragg peak. Additionally, normal tissue distal to the intended target is also
spared because the Bragg peak has a steep dose fall-off at the end of proton
range. The daily QA of a proton therapy system is essential to verify proton
therapy parameters which govern where the Bragg peak will be placed in the

body and how much dose will be delivered to that position.
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4. Treatment Planning System (TPS) Beam Modeling

The successful prediction of 3-D dose distribution in a patient
requires parametrization of specific characteristics of the proton beam. These
include integrated depth doses (IDDs), in-air spot profiles, and absolute dose
calibration and are used by a dose calculation algorithm contained in the TPS to
compute dose. Hence, measuring these beam components is an integral part of
commissioning a pencil-beam scanning machine. The guidelines within TRS-398,
in combination with methods used for commissioning of the Scripps proton
therapy center (San Diego, California), were followed to commission the Varian
Compact Probeam machine at SFPTI. In addition, monthly QA procedures for
output and range verification, as well as the daily QA procedure presented in this
thesis were devised according to the fundamental physical principles used in

commissioning.
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Table 1: List of parameters taken during commissioning which are used in the

PBS dose algorithm.

Dosimetry Commissioning Parameters

Absolute Dose Calibration
Integrated Depth Doses (IDDs)
Beam Spot Profiles

4 .1 Absolute Dose Calibration

TRS-398 is an International Atomic Energy Association (IAEA) report
detailing a code of practice for dosimetry for multiple external beam radiation
modalities including proton therapy. The determination of absorbed dose,
reference measurement conditions, and radiation detection tools recommended
for both reference dosimetry and relative dosimetry of proton therapy are

presented in the report.

Reference conditions for the determination of absorbed dose include
phantom material, chamber type, measurement depth, source-to-surface

distance (SSD), and field size at phantom surface, see Table 1. Of particular
note, measurement depth (zref) is specified as in the middle of the SOBP or in

the proximal “plateau region” if a mono-energetic proton beam is used. These
regions of the depth dose profile are utilized in absorbed dose measurement for
their uniformity regarding dose as well as being insulated from dose variation due

15



to range fluctuation. Additionally, the chamber specific factor kq is less stable at

low values of residual range as the kq curve becomes non-linear (Figure 2).
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Figure 2. Calculated values of kq for various ionization chambers as a function of

beam quality Rres. Taken from TRS-398.

The specific protocol used for absolute dose calibration of the Compact

Varian Probeam machine was carried out according to the Scripps proton

therapy center adaptation of TRS-398. The method outlined in TRS-398 to
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calibrate absolute dose is for broad beam proton therapy machines. For pencil-
beam scanning, a modification of the TRS-398 procedure is required because
only a small volume of the monitor chamber will be exposed to the pencil-beam
of protons traveling through, as opposed to uniform exposure in a broad beam
machine. The PPCO05 plane parallel chamber (IBA, Schwarzenbruck, Germany)
was placed at the isocenter in a water tank at a depth of 1.5 cm WET (13.4 mm
physical water plus 1.6 mm WET of the front chamber widow). A mono-energetic
beam of 160 MeV with 10cm x 10cm field size, 2.5 mm spot spacing, and 32 MU
per spot was delivered and chamber measurements were recorded and

converted to dose using Equation 10

Dy,q = MoNpw,q, ko0 (10)

Equation 10 yields D the absorbed dose to water in a proton beam of

quality Q in the absence of the chamber. Here Mq is the dosimeter reading when

the measuring chamber is positioned at a specific reference depth zref (1.5cm

depth in this case). Mqis corrected for pressure and temperature, polarity effect,

electrometer calibration, and ion recombination. Np,w,q, is the calibration factor

for absorbed dose to water for a dosimeter at reference beam quality Qo. The

value for the absorbed dose to water term is found by calibration in a 8°Co beam.

Therefore, a term kq, ,is necessary to correct for the difference in reference

17



beam quality Q. and user beam quality Q. The term kq, q,is specific to the

chamber in use and the beam quality index (Figure 2). TRS-398 describes beam

quality index as the residual range (Rres) which is defined as the practical range
(Rp), or the depth at which the dose beyond the Bragg peak falls to 10% of its

maximum, minus the depth of measurement (zref).

Ryes = Rp — Zref (11)

Nominal measurement energy of 160 MeV yields a practical range
equivalent to 17.7 g/cm?. Subtracting the reference depth 1.5 g/cm? from the

practical range results in a residual range of 16.2 g/cm?. As residual range

constitutes beam quality, kq for the PPC05 chamber can be found in TRS-398

Table 10.11l at a value of 1.002.

By measuring in the plateau region of the beam with a dense field of
spots, a uniform dose region can be developed in which dose can be accurately
measured. For pencil beam scanning, a MU factor is introduced to relate this
calibration spot pattern to MUs and, ultimately, MUs to dose. Output factors are
necessary to describe the energy dependence of the absolute dose calibration as
beam energy can be changed from 220 MeV to 70 MeV. The dose measured is

converted to output relative to reference energy of 160 MeV and then converted

18



to an output factor in Gy*mm?/MU. For example, the dose obtained at the
reference energy 160 MeV following the previously described procedure is 1.687
Gy. The dose at 155 MeV is 1.684 Gy and so the relative output for 155 MeV is
1.684/1.687 or 0.998. The output factor is calculated as the dose at the reference

condition divided by the MU factor.

Dose(1.5cm)

Output Factor = MUFactor

(12)

MU factor = (MU) * (SPOt) (13)

spot mm?2

MU factor was calculated to be 5.12 based on 32 MU per spot and 0.16
spots per square millimeter with 2.5 mm spot spacing. The relative output factor
and absolute output factor were calculated for energies between 70 and 220
MeV in 5 MeV steps. This absolute dose calibration procedure establishes a
dose per MU relationship and the requisite model information for treatment

planning dose algorithms.

It is important to state here that the daily QA procedure proposed in this
project does not measure absolute dose. This is only a requirement of PBS
commissioning. Rather, this project verifies constancy of output compared to a
baseline value. The details of how the output is verified are discussed further in

section 6.
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Table 2: Reference conditions for determination of absorbed dose in proton

beams from TRS-398.

Influence Quantity Reference value or reference characteristic

Phantom Material water

Chamber type plane parallel for R, <0.5g/cm’

Measurement depth middle of the SOBP or in the plateau region for clinical

applications with a mono-energetic proton beam

Reference point of for plane parallel chambers, on the inner surface of
chamber the window at its center

Position of reference at the measurement depth

point of chamber

SSD clinical treatment distance

Field size at phantom 10 cm x 10cm, or that used for the normalization of
surface output factors whicheveris larger

4.2 Integrated Depth Doses (IDDs)

One crucial aspect of TPS beam modeling is measuring depth doses. The
required depth doses for spot scanning proton therapy are integrated depth
doses (IDDs). The IDD is the total dose for a single spot over a very large plane
normal to the beam direction. Collection of an IDD for a proton beam energy
produces the familiar Bragg curve. Measurement of IDDs is conducted by
scanning a large area Bragg peak chamber through a water phantom along the
beam line with the chamber face normal to the beam. For SFPTI Probeam
commissioning, a large Bragg peak chamber, the PTW 34070 (PTW, Freiburg,
Germany), was used as a field chamber and the thin window PTW 34080 was
used as a reference chamber. IDDs were collected for energies 70-220 MeV in 5

MeV steps.

20
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Figure 3: SFPTI IDDs, dose is corrected with RBE and output factor.

4.3 Beam Spot Profiles

Beam spot profiles are required input to configure the Eclipse TPS. A spot
profile represents the lateral spread of the proton beam and can be differentiated
into x and y-oriented profiles. It has been previously discussed that proton MCS,
which causes beam divergence, is approximately normally distributed and can be
modelled by a Gaussian probability function. As a result, the parameters which

are used to describe the beam spot profiles can be obtained from ordinary
statistical terminology such as standard deviation. The spot sigma (ox and oy) is

used to quantify the width of the profile and is equal to the full width at half

22



maximum (FWHM) divided by roughly 2.355 (Equation 15). The size of the
beamlet changes with its depth in water and so the spot sigma is a function of

depth o(z).

5 = FWHM - FWHM
T 242Inz  2.355

(15)

Beam spot profiles were measured in air with the Logos XRV 4000 2-D
scintillation device (Logos Systems, Scotts Valley, CA) for energies 70-220 MeV
in 2 MeV steps. The spot profiles were captured at multiple gantry angles, every
30° starting with 0, and at multiple positions along the beam direction. Spot
profiles allow the pencil beam dose algorithm to account for the divergence of the

beam for volumetric dose calculation.
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The dose kernel in equation 16 shows just the fundamentals of how dose
is computed using a pencil-beam algorithm. In practice, the algorithm contains
more elements as it considers additional physical phenomenon such as range
straggling and energy spread and is fitted to analytical results. In Eclipse 13.7,
the dose calculation is split into individual computations for primary, secondary,
and recolil particles, each with their own depth dose curve, lateral distribution,
and unique spot sigma. It is informative to include the form of the pencil-beam
dose algorithm to show how the modeling data acquired during commissioning is

used directly to predict absorbed dose.

AAPM TG-224 outlines the recommended procedures and associated
tolerance levels for performing daily QA for different types of proton radiotherapy
systems. The beam characteristics that must be verified daily for pencil-beam
scanning are output, range, and spot position, as their consistency is directly
related to the accuracy of the dose delivered to patients. TG-224 recommends
that for pencil-beam scanning output must be within 3% of the baseline reference
established during commissioning. The ranges of single-layer beams should be
verified by measuring the distal 90% depth dose and should be within 1mm of
baseline. Two approaches to verify spot position are given in the report. The first
approach is to measure the absolute position of individual spots placed in far
corners of the maximum deliverable field size in relation to the central(un-
deflected) beam spot. The second approach evaluates the position of a 2-D dose

distribution created by a uniformly spaced spot pattern in relation to the imaging

25



isocenter. Tolerances of 2mm for the absolute spot position method and 1mm for

the relative spot position method are given.
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6. Methods and Materials

With the guidelines provided by TG-224 in mind, a procedure for a robust
daily QA of PBS dosimetry was constructed. An acrylic phantom and a PBS plan
were designed to work in conjunction with the Sun Nuclear Daily QA3 (DQA3)

device to verify constancy of range, spot position, and output.

Table 3: Daily Quality assurance procedures and associated tolerance levels for

proton therapy from AAPM TG-224.

Daily QA Procedures
Dosimetry Characteristics Tolerances

Output Constancy +3%
Distal Depth Verification +1mm
Spot Position +2mm

6.1 Daily QA3 Device

The Sun Nuclear Daily QA3 is a commercially available QA device

designed for quality assurance of photon and electron beams. The DQA3

27



features 13 vented parallel plate ionization chambers and 12 diodes (Figure 4

(@)).

a. b.
Figure 4: (a) Surface of Sun Nuclear DQA3 device. The locations of various
ion chambers are marked in blue and labeled in black. (b) Diagram of ion

chambers used for novel QA procedure.

The set of ionization chambers used in this QA procedure are shown in
Figure 4 (b). The central axis chamber (CAX) is located at the center of the
panel. There are four ionization chambers (T, L, R, B) positioned 8 cm from the
CAX on the x and y-axes and four x-ray chambers (X™, X™R | XBR ' XBL) on

diagonals 11.3 cm from the CAX. Each of these nine chambers has a volume of

28



0.3cm? and a parallel plate separation of 4mm. There is a trio of diodes in each
cardinal direction of the detector with the central diode of each trio at 10cm from
the CAX chamber. The 12 diodes designed for field size checks were not used in

this daily QA procedure.

6.2 Novel Phantom

A novel phantom was designed to work in conjunction with the Daily QA3.
The phantom consists of five adjacent square acrylic columns of different
heights. The columns were constructed by cutting %z inch thick acrylic sheets into
squares. The squares were then stacked to the desired height for each column.
These columns are mounted to an acrylic base plate which consists of two
12x12x0.5 in3 acrylic sheets stacked on top of each other. Acrylic blocks were
also mounted to the underside of the base plate to act as rails, allowing the
phantom assembly to side over the DQA3. An additional block on the front
underside of the phantom dictates that the phantom can only be positioned onto
the DQA3 in one direction, preventing an incorrect orientation of the phantom

over the device.

When the phantom is mounted on the DQAS3, the columns are positioned
to provide varying buildups over the left, right, top, bottom, and CAX chambers,
essentially placing the chambers at different WET depths. The heights of the
columns not including the base plate are 17.78 cm, 11.43 cm, 8.89 cm, 3.81 cm,

and 1.27 cm in order of L, R, CAX, T, and B. The base plate offered a way to

29



fasten the phantom to the DQA3 and provided a minimum buildup over the entire

detector array.

Figure 5: DQA3 with phantom mounted.

6.3 PBS spot map

A single field PBS spot map was created to verify range, output, and spot

position. The TG-224 report recommends that the output of at least one
30



consistent field should be measured daily. A SOBP with 7 energy layers from
energy 154 to 110 MeV with field size 5x5 cm? and uniform spot spacing and MU
values was centered over the CAX chamber. The WET buildup provided by the
phantom over the CAX chamber positions the effective point of measurement in
the center of the flat top of the SOBP, placing the point of measurement in a low
dose gradient. This position allows for a measurement of output without any

variations that could be introduced by range changes.

Four single layer fields of 189.8, 154.5, 102.4, and 80.1 MeV with uniform
spot spacing and uniform MU values are positioned over the L, R, T, and B
chambers, respectively. These beam energies were chosen according to the
WET of the phantom column they traverse. The differing buildups offered by the
phantom place the corresponding chamber for each single layer beam on the
distal dose falloff region of the Bragg peak. The high dose gradient of the distal
dose fall-off region can be employed for range constancy verification. Any
change in beam energy will be translated to a change in the point of
measurement of the chamber along the Bragg peak. Movement of the point of
measurement along the distal dose fall-off region will cause an appreciable

difference in chamber measurement.

Two fields of spots approximately 6x4 cm? were positioned over the top
right and top left x-ray chambers (X™, X™R). Each field has uniform spot spacing,
but the spot MUs are varied across each field to produce a dose gradient. For a
given field, the MU values change from row to row. In the top right corner field,

MU values increase from bottom to top and in the top left corner, MU values
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increase from right to left. With an established MU gradient and subsequent dose
gradient, these corner chambers can detect a shift in spot position. For example,
a shift in spots to the right would effectively reposition the top left chamber into
an area of the field with more dose, raising the measurement of the chamber.
Alternatively, a shift in spots down would raise the measurement observed in the
top right chamber. Spot shifts up or to the left will produce the opposite effect,
lowering the dose measured in the top right and top left chambers, respectively.
By arranging the MU gradients orthogonally to each other, spot shifts can be

detected in all four directions.

Figure 7 shows the field design overlaid on a grid simulating the DQAS3.
Black squares represent the DQA3 detectors. Blue crosses show position of
SOBP spots. Pink crosses represent the gradient field of spots in each corner
used to measure spot position. The remaining spots are the single-layer fields of

various energies which are used to verify range.

Once the PBS plan was created and initially measured with the DQAS,
spot MUs for each field were multiplied by the appropriate ratio to set all chamber

measurements equal to 100 as a baseline value.
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measurement. For example, Figure 7 displays the series of measurements made
for the R chamber to find the peak measurement and the 90% measurement.
Table 2 shows these measurements as well with the peak measurement
highlighted in yellow and the distal 90% measurement in blue. The energies
corresponding to 90% measurement for the T, L, R, and B chambers were

chosen to be used for the daily QA plan.

Energy vs DQA3 measurement in R chamber

520
470
420
370
320
270
220
170
120

70

20

151 152 153 154 155 156 157 158

Proton energy (MeV)

DQA3 measurmement

Figure 7: Series of measurements made to find the peak and 90% measurement

by adjusting beam energy for the DQA3 R chamber with phantom.

35



Table 4: Measurements made to find the peak and 90% measurement by

adjusting beam energy for the DQA3 R chamber with phantom.

DQA3

Energy | measurement

(Mev) | (R)
152 129.76
152.5 190.43
153 249.77
154 374.4

| 1545] 42133

154.8 446.36
155 454.18
155.5 A67.71
156 462.31
157 417.01
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7. Results and Discussion

The daily QA system described here is performed with a single irradiation
of the DQAS3 device. The total time required for setup and irradiation was
measured at 9 minutes and 52 seconds. All daily QA dosimetry parameters

recommended for verification by TG-224 for PBS are verified during this time.

7.1 Output Results

An assessment of the sensitivity of each portion of this daily QA plan was
carried out to describe the recordings made during daily QA in terms of physical
characteristics of the proton machine. The sensitivity and tolerances
implemented for each portion of this novel QA procedure were determined
empirically. Table 4 shows the sensitivity of the output by the CAX chamber to
adjustment of plan monitor units. An increase in the dose of the field centered
over the central axis by 3% produces a corresponding change in the CAX
measurement by about 2.8% on average. Similarly, a 3% decrease in CAX field

dose gives about a 2.8% decrease in CAX measurement.
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Table 5: DQA3 CAX chamber reading from the unmodified QA plan and the QA

plan with CAX MUs modified by 3%.

Normal Plan |CAX MU*(1.03) CAX MU*{0.97)
CAX chamber measurement 101.12 103.95 08.13
Ydiff from normal plan 2.799 -2.876

Tolerance levels were set according to the sensitivity results described
above, as well as recommended TG-224 tolerances. Output tolerance was set to
+3% variation from baseline with a warning threshold of 2.5%. Daily QA results
for the months of January-June for the CAX chamber are shown in Figures 14-
16. All measurements were within our tolerance level of 3% difference from
baseline. The maximum measurement for the CAX chamber was 2.3% difference
from baseline and the minimum was -0.65%. The average percent difference
from baseline of the CAX chamber was x=0.65% with one standard deviation o=

0.66%.

7.2 Range Results

Testing the sensitivity of the L, R, T, and B chambers to range differences
was performed by adding thin slabs of solid water to lay flat across the top of the
phantom. These results are shown in Figure 10. Measurements were recorded

for Tmm, 2mm, and 3mm of additional solid water and results for the percent
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difference from baseline value were noted for each chamber. Adding additional
solid water in the beam path effectively shifts the chamber to a more distal
position on the Bragg peak, reducing the resulting measurement. 1 mm of
additional solid water produced about a 13% difference in measurement of the
left and right chambers (measuring energies of 189.8 and 154.5 respectively).
The top chamber (measuring 102.4 MeV) recording was lower by about 21%
than baseline and the bottom chamber (measuring 80.1 MeV) was reduced by
30%. 2mm and 3mm of solid water lowered measurements for each chamber
even further. As expected, the CAX chamber was unaffected by the extra solid

water.

Tolerance for chambers measuring range constancy was established as
+10% from baseline corresponding to 1mm of range shift for the right chamber,
which is the least sensitive to range shift. Daily QA results for the months of
January-June for chambers measuring range are shown in Figures 11-13. Range
constancy is very stable with most values within +2% of baseline. The maximum
difference from baseline for range chambers was 4.2% and the minimum -3.4%.
The average percent difference from baseline of chambers verifying range was
x=0.23% with one standard deviation 0= 0.96%. All measurements of range were

well within our 10% tolerance level.

7.3 Spot Position Results
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The sensitivity of the corner gradient fields intended to measure spot
position constancy was determined by aligning the DQAS to isocenter and then
shifting it incrementally using the treatment couch. The intended effect was an
increase or decrease in measurement by repositioning the chamber in the dose
gradient. Results for 1mm and 2mm shifts in all cardinal directions for the top left
and top right chambers are shown in Figures 8 and 9. Directions for the couch
shifts match directions in which the DQA3 chambers have been labeled. For
example, a couch shift left would be moving the CAX towards the direction of the
left chamber, a shift superior would be in the direction of the top chamber, and a
shift inferior would be towards the bottom chamber. The couch position in the
direction of the beam (vertical couch coordinates) was not changed.
Approximately a 3% measurement change per mm shift was observed in the
corner gradient fields if the shift was in the direction of the MU gradient for the
field. Shifting the chamber in a direction orthogonal to the MU gradient produced
virtually no change in measurement for both fields. Spot position tolerance was

set to £6% from baseline accounting for just under 2mm of spot position error.

Daily QA results for the month of November for the chambers measuring
spot position are shown in Figure 17. The maximum difference from baseline for
spot position chambers was 3.4% and the minimum was -4.8%. The average
percent difference from baseline of chambers verifying spot position was x=-
1.34% with one standard deviation 0=2.48%. All measurements of spot position

were within our 6% tolerance level.
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Sensitivity of TR chamber with couch shift
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Figure 8: Top Right (TR) chamber percent difference from baseline vs. couch
shift in four different directions. The legend color codes the direction of the couch

shift. TR chamber is sensitive to spot shifts in the inferior and superior directions.
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Sensitivity of TL chamber with couch shift
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Figure 9: Top left (TL) chamber percent difference from baseline vs. couch shift
in four different directions. Direction of couch shift is color coded. TR chamber is

sensitive to spot shifts in the left and right directions.
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Sensitivity of T/L/B/R chambers with additional SW buildup
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Figure 10: Percent difference from baseline for T/L/B/R chambers when

additional solid water buildup is placed on top of phantom.
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L/R/T/B Chamber Measurements
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Figure 11: Percent difference from baseline of measurements recorded in left,
top, right, and bottom chambers for the months of January and February.
Tolerance level of 10% deviation from baseline is shown as dashed red line.

Tolerance level corresponds to less than 1Tmm of range shift.
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L/R/T/B Chamber Measurements

12

10 mecceccccdcccc e e c e c e e e et e ——
8
X
— 6
)
c
= 4
2 o b X3
T 29 5% cCo o
'; 8o ..... 3““ Q.'M ” o, ;.: 5o ® R Chamber
0 pleghe 206% e !“"‘ o oot o8 S O
‘g i ‘ ," P4 ® ® L Chamber
o -2 ® ° o0
2 T Chamber
g 4
] B Ch
;‘3 6 ® B Chamber
o
-8
o PR DU U I R MU S 