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Abstract:

One reason for updating cdibration protocols is to improve the accuracy of beam cdibration. Equaly important
is the necessty to improve the variability of dose determined by different inditutions usng a wide variety of
dosmeters. A number of authors have discussed the expected change in therapy beam cdibration when
inditutions switch from TG-21 to TG-51 calibration practices. However, no one has yet discussed whether TG-
51 has improved the variability of the dose determined by various chambers. This presentation compares the
determination of beam output for 6 & 18 MV xrays and for 6 and 16 MeV eectrons, for 21 different make and
model of ion chambers using both TG-21 and TG-51 cdibration protocols. Both cylindrical and plane pardld
chambers were used. A high degree of precision, <0.3%, was achieved by measuring dl chambers on the same
beam in a gngle setting, monitoring with externd ion chambers. For plane-paralel chambers, Ngas and the
product Now - keca Were determined from cdibration by an ADCl with Nyo/Nx and  keca from the gppropriate
literature, and by cross cdibration with an ADCL cdibrated cylindrica chamber in a high energy dectron beam.
For photons, TG-51 gppears to improve the variability of output dose determination over TG-21 but not
ggnificantly (SD difference less than 0.5%). The results for eectron beams are more complex because of the
severd waysto cdibrate a plane-paralel chamber.

| ntroduction:

The current AAPM recommended cdibration protocol (TG-51)' was published in 1999. Based on the
Radiologicd Physcs Center (RPC) mailed-TLD records, ~44% of US inditutions have switched from the
previous recommended protocol (TG-21)? to TG-51. An important question emerges, namely “Has the TG-51
protocol resulted in less vaiability in reference dosmetry (beam output) determined by various cylindrica (cyl)
and pardld-plate (PP) ion chambers than experienced with TG-217" (better unification). This work responds to
that question by presenting high precison (~0.2%) rdative output-cdibration results using both protocols for a
wide range of ion-chambers (13 cylindricd and 8 pardld-plate). Both photon and eectron beam results are
provided for the two protocols a low (6 MV, 6 MeV) and high (18 MV, 16 MeV) energies. Both TG-51* and
AAPM TG-39 report® (which spesks to the use of PP chambers in TG-21), describe cdibration of PP chambers
by comparison with a cylindrical ion-chamber (caibrated a an ADCL in a ®°Co beam) in a high-energy electron
beam (cdled a “cross cdibration” in TG-51 and labded “cdib in € beam” here). Cdibration of PP chambers is
dso dlowed a an ADCL in a ®°Co beam. Therefore PP results are presented here using both ADCL calibration
and cdibin e beam.

This study brings out severd interesting and important conclusons. Cylindricd and PP chamber results are
grouped separatdy. With cylindricd chambers, TG51 does show measurably better unification, but only in the
low-energy photon beam. The unification (0.6% spread) obtained with TG51 for 13 different make and mode of
cylindrical chambers is remarkable. For other energies, moddities, and chamber type (cyl or PP); the spreads
lay between 1.5% and 3%. The PP chambers with cdib in € beam have dgnificantly smdler spread a the low-
energy dectron beam. The disparity between the median dose determined by the two types of chambers (cyl
and PP) varies from ¥%6 to 3%, being worst when the PP chambers with calib in € beam are used for photon
cdibration (TG-21 only).




Materials & Methods:

Chambers:

21 different make and modd of ionization chambers were used in these measurements. Both cylindricd (13) and pardld plate (8) chambers were
used. Theintent was to measure al of the most popular chambers, and a number of recently designed chambers. The chambersarelistedin

Table 1. Thetaledso lists important characterigtics of the chambers.
Table 1: Chamber ID and specification

Chamber lon chamber Yolume ID | Collector [LIGapl Wall/ Front window N /N, Ny My

ID |Make Model ce Bupcap | mm| MatliDia[mm] | [mm] Matl |  [mm] [cGyR]| Keew [[10°GYCY|  [10°RIC)
Cylindrical: [
1 MEL 2571 0.6 |3.87mm Delrin 6.3 Af1.0 225 |Gr 0,360 0.854 [0.903| 45.30 46.90
2 PTW 23333 0.6 |4.60 mm Acr 6.1 (Alf1.0 21.9 |AcrGr 0.335/0,089 0.849 | 0.897| 5314 55.07
3 PTW 30001 0.6 |4.80 mm Acr 6.1 (AIf1.1 23.0 |AcrGr 0.335/0.080 0.849 | 0.897| 52.77 24,86
4 PTWY 30013 0.6 |4.55 mm Acr 6.1 (A1f1.1 23.0 |AcrGr 0.335/0.,080 0.849 | 0.897| 53249 5538
5 PTW 30004 0.6 |4.80 mm Acr 61 |Af1.0 23.0 |Gr 0.425 0.854 (0.906| 5046 52.35
6  PTW: CNKIC version 30004.2 0.2 |4.60 mm Acr 6.1 |AI/1.0 8.0 |Gr 0.425 0.851 |0.906| 187.6 194.4
7T PTW 233641 0.3 |3.00 mm Acr 55|A/15 16.3 |Acr/Gr 0.750 0.850 |0.898| 497.42 100.6
8 Capintec PR-0BC  0.85 |5.16 mm Polyst | 6.4 |C552°/1.6 23.0 [C552¢ 0.280 0.851 |0,900] 47.29 49,02
&  Capintec PR-06G 0.85 |5.16 mm Polyst | 6.4 [C552°/ 1.6 23.0 |c552° 0.280 0.851 |0.900| 5015 5247
10 Exr/Std.Im A-12 0.65 [2.80 mm C552° | 6.1 [C552°11.0 24,1 |C552° 0.500 0.866 | 0.906| 50,29 51,90
11 ScandilronixVWelHofer |IC-70 0.65 |3.90 mm Delrin | 6.2 |AI/1.0 231 |Gr 0.400 0.854 |0.903| 48.05 49.73
12 ScanditroniWWellHofer | FCB5-P 0.85 |3.90 mm Delrin | 6.2 |AI/1.0 23.1 |Delin 0.400 0.850 | 0.897| 48.66 50.35
13 ScandilroniWellHofer [FC23-C 0.23 |3.90 mm Delrin | 6.2 [C552°11.0 8.8 |cs52} 0.400 0.856 |0.903| 144.8 149.6
Parallel Plate:

14 PTW Markus *23343 0.06 |3.2 mm Acr 5.3 |Aer/ 5.3 2.0 |PolyethiGr 0.03 0.8590 | 0.905| 546.7 550.7
15  PTW adv-Markus *34045 0.02 |3.2 mm Acr 5.0 |Aer /5 1.0 |Palyeth/Gr 0.03 0.8564 | 0.89G| 1406 1412
18 PTW Roos 34001 0.35 (3.2 mm Acr 15.6|Acr f 15 2.0 |AcryfGr 1.00 0.8547 | 0,901| 83.02 83.67
17 BExrfStd.Im P-11 0.62 (4.0 mm polyst 20.0|Polyst-eq/f 20 | 2.0 |Paolyst-eq/Gr 1.00 0.8480 | 0.888| 58.76 58.59
18 Exr fStd.Im *A=10 0.05 |2.81 mm Aeg 5.4 |C552° /54 2.0 |Kapton/Gr 0.03 0.8699 | 0.939| 605.7 623.9
19  ScanditroniWWelHofer NACP-02 0,16 |2.31 mm Graph | 10.0|Rexolite / 10 2.0 [Mylar/Gr 0.1/05 0.8450 | 0.885| 1734 1723
20 ScanditroniiellHofer PPC-40 0.40 [3.2 mm Acr 16.0(Acr F 16 2.0 |AcriGr 1.00 0.8%47 | 0.901| 91.95 92.41
21 ScanditronixielHofer PPC-05 0.05 |2.04 mm Aeg 9.9 |C552°19.9 0.6 [css2t 1.00 0.8734 | 0.896| 585.G 593.7

* Have water-protective caps of acrylic thicknesses 0.85, 0.87 and 1.00 mm for PTVW N23343, N34045, and Exradin A-10 respectively.

T Active volume's length for cylindricals, and gap for PPs.

1 Air equivalent conducting plastic.

MNOTE: There is an inconsistency between Chambers 16 and 20. Chamber 20 has both a larger volume and a larger Noy and N than Chamber 16,

Note: Thereisaninconsistency between chambers 16 and 20. Chamber 20 has both alarger volume and alarger Nx and Np .



Chamber Calibration:

All chambers were cdibrated at the MD Anderson Cancer Center ADCL during the period over which these
measurements were made. Both Nk for TG-21 and Npy, for Tg-51 were assigned. The PP chambers were aso
cdibrated by comparison with an NEL Mode 2571 Farmer chamber in the 16 MeV eectron beam during the
actud datataking (cdibin € beam).

Electrometers:

Keithley Model 617 eectrometers and a Keithley model 602 dectrometer interfaced to a Fluke digitd voltmeter
were used. A software package was written to capture the electrometer readings, store and process the data The
electrometer was zeroed, dart reading recorded, the accderator run for typicdly 50 mu and the find
accumulated charge recorded.

Therapy Unit:

A Varian Clinac 2100CD at M.D. Anderson Cencer Center (MDACC) was employed. A nominal dose rate of 400 mu/min was used

for each of 4 beams; 6 and 18 MV photons, and 6 and 16 MeV electrons. T a.bl e 2 listsimportant characteristics of the four
therapy beams.

Table 2: Beam characteristics

TMR 29110 | %dd(10)x | Calibration depth*® fdd
orlsp/Rp | or Rsp [cm]
Beam [cm] [cm] TG21 TGH1 TG21 | TG5H1
Photons (6 MV) 0.674 66.3 5 10 0.868 | 0.663
Photons (18 MV) 0.785 81.4 7 10 0.920 | 0.806
Electrons (6 MeV) 26734 2.6 1.45 | d=1.45| 0.999 1.000
Electrons (16 MeV) | 6.4/8.0 6.5 380 |ds=380| 0994 | 0992

*axis of cylindrical, or inner surface of entrance window of parallel-plate chamber.




Monitors:

At least one and usudly two externa ion chamber monitors were used to normaize the data. For photons, the
monitors were located a 20 cm depth while for electrons they were located a 1.4 cm depth, near maximum
ionizetion for both 6 and 16 MeV beams. For measurement of Ron and Ry, the monitor chamber was located at
the same depth as the test chamber. The use of externd monitor chambers reduced uncertainty due to machine
fluctuations by a factor of 5 to 10, depending on the beam. All measurements were made in a 30cm x 30cm x
30cm water phantom using a horizonta beam, a 100 cm SSD. A fidd sze of 15 cm x 15 cm provided sufficient
margins for the monitors from the fidd edges for al beams For additiond redundancy, the firs chamber (an
NEL-2571 or Exradin A-12), measured at the start of the session, was re-measured at the end of the sesson. The
difference never exceeded 0.2 %.

Depth measur ement:

Through the use of a pin-hole light source and scribe marks on the phantom, a precison micrometer drive and
precison pointers, we believe that we achieved a reproducible depth determination from chamber to chamber of
@0.2mm.

Depth dose, beam quality, Pion and Ppy:

“Clinica” depth dose, and beam-quality specifiers [TMR20/10, %dd(10)x, and ko] were measured one time on
each beam usng a Farmer chamber for photons and a Farmer, and two pardlel plate chambers for eectrons.
For Pion and Pyo1, a0 an independent set of measurements was performed in a plastic phantom.

M easur ement depth:

For photons, TG-51 measurements were made at 10.0 cm depth, and for TG-21 were made at 5 and 7 cm depth
for the 6 and 18 MV beams, respectively. For eectrons, measurements for both protocols were made at der. Poon
and Pyol measurements were made a 8 cm depth for photons and at drer for electrons.

NOTE:

We consdered TG-51 and TG-21 to be separate experiments.  Our effort was to assure consigtent results within
a given protocol. In our evauation we will not focus on the rdative output indicated for TG-51 versus that for
TG-21.

Results and Discussion:

Figure 1illustrates typicd data capture techniques. This figure shows data for determining Ron and Py for 3
unidentified Farmer type chambers. Each point indicates the results of a 50 mu exposure. The quantity plotted
is DQ, normdized by the externd monitor DQ' (the black data in the figure), and normaized to unity for the
firdt reading for that chamber. The therapy unit was cycled as rapidly as possible, until one dectrometer neared
saturation. After the ionization data were found satisfactorily dable, the set-up was changed for the next
chamber. A few comments are worth mentioning:

Our criteria for dability were nontrending data with a total spread of < 0.1%. However, the
measured data show subgtantidly tighter results (~£0.02%). We learned that the smal spikes
occurred if we failed to cycle the beam rapidly enough.



Two of these chambers dabilized very quickly while one chamber took unusudly long (~30 repesats
of 50 mu) to stabilize. The plot shows behavior typica of the best and the worst behaving chambers.

One chamber shows P,o, subgtantidly nearer unity than the other two.

For Ron and Ry measurements, the chambers were brought back to the origind bias €300V on the
thimble) to assure thet they returned to their origind sgndl.

Figurel: Sample of P;,, and P, data
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Photons:

Figures 2 A and B show TG-21 output results for 6 and 18 MV photons, respectively with cylindrica
chambers. This represents the most commonly used technique for cdibration of photon beams. The

corresponding TG-51 results are presented in Figures 3 A and B. At 6 MV xrays, agreement of TG-51
results among the 13 cylindricad chambers is drikingly tight (0.6% spread with one outlier a 1%) but TG-21
results have nearly three times the spread (1.7%). At 18 MV, soread among the various cylindricd chambers is
amilar (~1 ¥2 %) for the two protocols, showing only a dight improvement with TG-51.
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TG-21 dlows cdibration of photon beams with PP chambers, while TG-51 does not. For use of PP chambers
with TG-21, the task group TG-39° describes two calibration methods, “ADCL” and “cdib in ebeam”. Photon
results with PP chambers are presented in Figures 4and 5. PP chambers employing user’s cdibration (cdib in e

beam) are presented in Figures 4 A and B. The corresponding PP results employing ADCL cdlibrations
aeshownin Figures 5 A and B. The PP results deserve specia comments

At both photon energies, in Figures 4 and 5, the average output measured with PP chambers with
ADCL cdibration is seen to be 2-2.5% lower than the average output determined with cylindrica
chambers (TG-21 only). Output measured with PP chambers with “cdib in an € beam” is another
1% lower (3-3.5%).

In figure 4 (cdib in € beam) at 18 MV, the spread in the PP chamber data is comparable to that for
cylindrical chambers (~1.5%) while a 6 MV the sporead among PP chambers (3.1%) is twice that for
cylindrical chambers (1.7%). If chamber 16 is considered an outlier, the two are comparable..

Infigure 5 (ADCL) at both energies, the spread is larger for the PP chambers.
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Fig 5:
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Electrons:

The relative dose at Ghax for 6 MeV dectron beams determined using TG-21 for PP chambers usng “cdib in €
beam” are presented in Figures 6A and B, respectivdy. The corresponding TG-51 resuits are shown in

Figures 7 A and B. The resits for cylindric chambers with ADCL cdibrations are induded in dll
figures. Pertinent observationsinclude:

Since cdibration in an e beam was performed against chamber #1 in the 16 MeV beam, the PP results at 16
MeV for ether protocol agree, by definition, exactly with chamber #1.

At 6 MeV the spread for PP chambers is about 1% for both protocols. Chambers 18 and 21 are notably
outliers for both protocols. Both of these chambers are congructed of ar equivaent conducting plastic
(C552).

To fully appreciate the total spread of the expected output with PP chambers, we must consder that these
chambers could have been compared with any of the cylindrica chambers, and therefore the spread in the
PP chambers a 6 MeV must be compounded with the spread in the cyl chamber dataat 16 MeV.

For both protocols, on average, the dose determined with cyl chambers a 6 MeV is about Y26 lower that
that with PP chambers. This is not inconsgtent with the steepness of the peak a 6 MeV and the diameter of
these chambers.

The cylindrical chambers have a spread of ~2% for both protocols and beam energies.

Cylindricd chamber #13 appears to be an outlier for both energies and both protocols. It is constructed of
ar equivaent plastic (C552), but so are chambers 8, 9, and 10.
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The TG-21 reaults for the 6 and 16 MeV dectron beams for PP chambers usng ADCL cdibrations are
presented in Figures 8 A and B, respectively. The corresponding TG-51 resuits are shown in Figures

9 A and B. The reaults for cylindrical chambers with ADCL cdibrations are again included in al figures.
Pertinent observations include:

With ADCL cdibration, PP results a both energies with ether protocol show, on average, +1v2 % higher
output than that obtained with cylindrical chambers.

In both figures the spread in the datais ~ 2% for cylindrical chambers and ~ %2% higher for PP chambers except for 16 MeV using TG-
21

Fal
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The process of “cdib in € beam” determines the chamber caibration coefficient Nyss for TG-21 and the product No w-keca for TG-51. For the process
“ADCL” Nggs is determined by the product of Nx-(Ngass/Nx) where Nx is obtained from an ADCL and Ny/Nx is caculated from the equation in TG-

21 or obtained from Gastorf et.a* or from TG-39%. For TG-51, Np, is obtained from an ADCL and ke is obtained from the protocol. Table 3

ligs the values of Ngas and Nowkeca determined by “ADCL” and “calib in € beam” for the 8 pardle-plate chambers used in this study. The ratio of
the two is dso listed and represents the disparity between output determined by the two methods for individud chambers. The ratios vary from 0.997
— 1.024 with an apparent outlier at 1.055.

Table 3:

Ratio, ADCL versus "calib in e- beam” for the determination of (Np,, ® Kocy) & Ny
for TG-51 and TG-21 respectively.

Chamber lon chamber No e ® Keeal Ngas
D Make Model ADCL Calib in ¢ beam|ADCL /e beam| ADCL Calib in ¢ beam|ADCL/ e beam
Parallel Plate:
14 PTW 23343 Markus 495 484 1022 473 463 1.021
15 PTW *34045 adv-Markus | 1260 1242 1014 | 1209 187 1.018
16 PTW 34001 Roos 743 739 1012 s 706 1.012
17 Ba/Stdim P-11 57 B 1.001 497 498 0.997
18 Ba/Stdim "A-10 569 564 1.009 543 539 1.007
19 Scanditronix / WelHofer NACP-02 1545 1508 1017|1456 1443 1.009
20 Scanditronix/WellHofer  PPC-40 82.3 809 1.024 79.0 774 1.021
21 Scanditronix/WelHofer  PPC-05 525 514 1.021 519 491 1.055







Table 4 summarizes the results.

The spread in the output determined islisted for all combinations of specified beam energy/modality, chamber type (cylindrical or parallel-plate) and calibration protocol (TG-21
or TG-51). Thedisparity between the parallel plate and cylindrical chambersisindicated as the ratio of the median output determined by the parallel-plate chambers versus the

median output determined by the cylindrical chambers.

Table 4: Summary

Chamber PP Low energy beam High energy beam
Figure # | Modality class calib techn | Protocol | spread [%] | <PP>/<cyl> | spread [%] | <PP>f<cyl>
2-A, B Pheotons Cyl* ADCL TG-21 1.7 - 1.8 -
3-A, B = TG-51 0.6 - 1.5 -
4-A B PP* in ¢ beam TG-21 3.1 0.968 1.6 0.972
5-A, B ADCL TG-21 3.0 0.976 2.6 0.981
6-A, B | Electrons Cyl* in e beam TG-21 1.9 1.008 1.7 -
7-A, B - cx TG-51 2.0 1.006 1.9 -
8-A, B ADCL TG-21 1.9 1.012 1.7 1.006
9-A, B i = TG-51 2.0 1.015 1.9 1.011
6-A, B PP in ¢ beam TG-21 1.0 see - see
7-A B 5 a3 TG-51 0.9 above - above
8-A B " ADCL TG-21 2.5 2.4
9-A, B " " TG-51 2.4 2.2

* Scanditronix's cylindrical: FC23-C (#13), and parallel-plate: PPC-05 (#21) are excluded in the spread analysis.



Assumptions:

A number of chambers in this sudy were not in production when TG-21, TG-39, and TG-51 were written, SO
pertinent data for them was not included in the protocols. These pertinent data include NNy for TG-21, and
Keca and ko for TG-51. It was necessary for us to make some assumptions about the following chambers:

#3-6 (PTW chambers with the new numbering system): We assumed that they were in fact equivdent to the
chamber that PTW identifies as equivadent which isincluded in the protocols.
#11 (cylindricd 1C-70): This chamber has dimensons and materials very smilar to the NEL 2571. We used
those values.
#12 (cylindrica chamber FC 65-P): Both thimble and build-up cap are constructed of Ddrin. However,
L/r and my/r data for Ddrin are not avalable in AAPM documentation, they are available only for a
®0Co primary beam in Gastorf et.dl.*.
We did not attempt to calculate P41 and hence no photon TG-21 data are presented.
Since our caculated Nys/Ny, udng L/r and mw/r  from Gestorf et.d.?, for this chamber, is very close
to that for chamber #3 (N30001), we used Keca and Kq data for the later.
#13 (cylindrical FC23-C): This chamber has a C552 wall of thickness between that of chambers 9 & 10
(PR-06G and A12). Therefore, Keca Was set equal to the average for chambers 9 & 10..
#15 (PP N34045 “adv markus”): Its keca Was taken from Rogers’.
#18 (PP A-10): For this presentation, the chamber was cdibrated with a C552 buildup plate and Nya/Nx
caculated, usng Schultz et.d.®, for a C552 wall. The chamber was dso cdibrated with a PMMA buildup
plate, and Ng/Ny caculated assuming al PMMA. The product (Nga/Nx - Ny) for the two cases was
dramaticdly different (>4%).
#19 (PP NACP-02):
ltskecas Was taken from Rogers’.
The body of this chamber is Rexalite (polystyrene like materid) while the front window is thin mylar
with 0.5mm graphite. We calibrated the chamber with both, a graphite and a polystyrene buildup dab
and caculated Ngas/Nx for both conditions. The product (Ngas/Nx - Nx) for the two cases differed by
0.5%. We used the product for graphite. However, use of an Nud/Nyx vaue from TG-39 yielded a
product 2% different.

Sour cefor Ngas/Ny values:

Values of Ngf/Nx were taken from Gastorf et.d.* for cylindrica chambers and from  TG-39° for PP chambers, if
possible. The remainder were calculated using Schultz et.dl.®.

Unusual findings:

Pool for one PP chamber # 18 was unusualy high for eectrons (2.3% for 6 MeV and 1.8% for 16 MeV).
Other PP chambers showed no more than 0.9% correction.

Severd chambers took unusudly long times to dabilize, paticulally during meesurements of Pion and Pyol.
The worst chamber drifted as much as 1% until settling.



Postscript:

The RPC has carried chambers #1, 2, & 3, & recently #10, adl of which are in the center of the distribution. One
of the authors (WH) has dways claimed that someone specia |ooks after him.

Conclusions:

General conclusions:

The results of this study quantify very nicely the combined uncertainty of certain aspects of our knowledge of

radiation dosmetry phydcs, paticulaly as it pertans to our underganding of the influence of the physicd
components of ion chambers on Bragg-Gray cavity theory.

At this time the spreads among ion chambers are approximately the same for both TG-51 and TG-21

except for low energy photons where the spread for TG-51 (cylindrica chambers only) is gpproximately
onethird that for TG-21.

Pardld-plate chambers are less well understood than cylindrica chambers,

TG-51 improves dosmetry in a subtle way by disdlowing PP chambers for photons and recommending
“cdibin e beam” for PP chambers for eectron reference dosmetry.

The low energy photon beam (6MV) measured with cylindricad chambers is the only beam where TG-51
showed a ggnificant improvement over TG-21 in the spread of the determined beam outpui.
In al other cases, the cylindrica chamber spread was comparable for TG-21 and TG-51 (1Y% - 2%).

PP chambers had a larger spread than cyl chambers in dl cases except for dectron beams when PP chambers
were calibrated in an eectron beam.

PP chambers:

Electrons:

When “cdibin € beam” is used:

o  Cdibration with dl of the PP chambers shows a clear corrdation a the lower energy dectron beam
(6 MeV) with the cylindricd chamber with which they were compared. This is true for both
protocols.

o Thecyl chamber distribution is ~0.5% lower than PP ditribution a 6 MeV for both protocols.

When ADCL cdlibration is used:

o The scatter in the PP data is dightly larger than the cyl data for both energies and both protocols, with
severa notable outliers.

o Thecyl digribution is sysematicaly 1 — 1¥%%6 lower that the PP digtribution in dl cases.

Photons for TG-21 only:

The PP digribution is sgnificantly shifted (lower) than the cyl distribution
o 2% for ADCL cdibration,
o >3% whencdibine beamisused.
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