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Abstract

For the first time results are presented of anr@gadicomparison of ten national standards for
air kerma for ten radiation qualities of the ISGBZMarrow spectrum series in the range from
30 kV to 300 kV. Nine of the ten participants maintprimary air kerma standards, one is
traceable to PTB. The comparison was conducteldeiine period from February 2004 until
October 2005. For each radiation quality, the tesarle analysed in terms of the degrees of
equivalence of each national standard with resjoeitte comparison reference value. These
data form the basis of the results in the BIPM &emparison database for comparison
EUROMET.RI(I)-S3. In addition, results are presendé differences in the results due to
different realizations of beam qualities at thetipgrants sites and of the influence of
different transfer chamber sizes on the variandb@ftomparison results.

1 Introduction

Existing key comparisons between national air kestaadards for x-radiation are those for
low- and medium-energy x-rays designated as BIPWARR [1] and -K3 [2]. The range of
x-radiation qualities are from 10 kV to 50 kV an@D1kV to 250 kV characterized by half-
value layers in the range from 0.037 mm Al to 2.8@8 Al and 0.15 mm Cu to 2.5 mm Cu,
respectively. The air kerma rates in use are 1 m@yd 0.5 mGy/s. The ISO 4037 [3] narrow
spectrum series x-ray qualities used for the commpardescribed in this work cover the range
from 30 kV to 300 kV and are characterized by aliie layers from about 0.04 mm Cu to

6 mm Cu. Due to the heavier filtration the usuakarma rates are in the much lower range
from about 1QuGy/s to 20uGy/s. Consequently, this supplementary comparisibersl from
the two existing key comparisons in the dose ratge being lower by about a factor of 100
and extends the radiation qualities from half-vdayers of 2,5 mm Cu to about 6 mm Cu.
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The ISO 4037 qualities are mainly used for thebeation of radiation protection detectors. It
is sometimes necessary, to calibrate detectorsrgflarge dimensions and consequently large
field sizes are needed. However, the referenceev@ithe air kerma rate is usually measured
with free-air chambers which have apertures offiheension of only a few centimetres. In
order to examine the influence of different fieides on the calibration coefficient it was
decided to use transfer ionization chambers oérbfit measuring volumes for the calibration
of which field sizes of about 5 cm, 20 cm and 30armneeded. Radiation qualities of
identical series but realized in different laboregs will usually be slightly different. In order

to obtain some information about that, one of thadfer chambers was calibrated with and
without an additional Cu layer of thickness 0.1nmifront of the chamber.

2. Procedure
2.1  Object of comparison

Three spherical ionization chambers of differertites (30 crf} 1000 cni, 10000 crr)

were calibrated in terms of air kerma. One of thansbers (30 cf) was also calibrated
behind a Cu sheet of thickness 0.1 mm. With tist fiiree chambers the influence of field
size effects (like homogeneity and filter produsedttered radiation) on the comparison
results was to be examined. The chamber/Cu-shedtination was to serve as an indicator
in the case of not matching radiation qualitiesMeein the participants.

2.2 Transfer chambers

The main technical data of the three spherical dsasused as transfer standards for the
comparison are listed in Table 1. All chambers weamufactured by the Austrian Research
Center Seibersdorf. They are otherwise in use@mslary standards at the PTB since more
than 15 years. The wall material of all chamberssist of DELRIN'500 of thickness 3 mm.
The reference point of the chambers is the cerfitteecsphere. The chambers were aligned in
the beams with the white point marked on the vwadirfg the radiation source. The signal
connection of the chambers was a BNC plug andhbenber high voltage was connected
with a banana plug. The TK30 was circulated togettith a 0.1 mm thick Cu sheet in a
frame holder construction which could optionallyfbed on the chamber stem in a unique
way. Pictures of the transfer chambers are showAppendix A.

Table 1 Main technical data of the transfer chambers

Type  Serial Sensitive Outside Diameter Chamber Saturation loss
Number volume diameter of inner high
(nominal) electrode voltage
TK30 113 30cm 44 mm 3mm -300V  <0.5% up to 4 Gy/h
Lso1 111 1000 cth 140 mm 50 mm -400V  <0.5% up to 0.3 Gy/h

LS 10 113 10000 cfn 275 mm 80 mm -1000V  <0.2% up to 10 mGy/h

2.3  Radiation qualities and reference conditions

The radiation qualities used for the comparisonevtke narrow-spectrum series defined in
ISO 4037-1 [3] for tube potentials between 30 k\ 800 kV. Characteristics of the narrow-
spectrum series are shown in Table 2. The caldwatoefficients for the transfer chambers
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were given in terms of air kerma per unit charganits of Gy/C and referred to standard
conditions of air temperature, pressure and redativmidity ofT = 293.15 K,
P =1013.25 hPa and= 50 %, respectively.

Table 2. Characteristics of ISO 4037 narrow-spectrum series

Mean Tube Additional Filtration / mm 1" HVL 2" HVL
energy Potential mm Cu mm Cu
E / keV kv Pb Sn Cu Al

24 30 4.0 1.15 Al 1.30 Al
33 40 0.21 0.084 0.091
48 60 0.6 0.24 0.26
65 80 2.0 0.58 0.62
83 100 5.0 1.11 1.17
100 120 1.0 5.0 1.71 1.77
118 150 2.5 2.36 2.47
164 200 1.0 3.0 2.0 3.99 4.05
208 250 3.0 2.0 5.19 5.23
250 300 5.0 3.0 6.12 6.15

2.4  Participants and course of comparison

Ten participants, listed in Table 3, were includethe comparison. PTB was the pilot
laboratory.

Table 3.Participating Institutes

Participant  Institute Country
OMH’ National Office of Measures Hungary
NMi NMi Van Swinden Laboratoriumi The Netherlands
BEV Bundesamt fur Eich- und Vermessungswesen Rustr
ARPANSA Australian Radiation Protection and Nucl8afety Australia

Agency
NPL National Physical Laboratory United Kingdom
NIST National Institute of Standards and Technology United States
STUK Radiation and Nuclear Safety Authority Finland
NMIJ/AIST National Metrology Institute of Japan, tmal Institute of Japan

Advanced Industrial Science and Technology
INER National Radiation Standard Laboratory, Ingé&tof Taiwan

Nuclear Energy Research
PTB Physikalisch-Technische Bundesanstalt Germany

*) OMH has changed its name and is now called MKEHgWr Kereskedelmi Engédeyezési Hivatal.

A star-shaped circulation of the chambers betwédh &hd the other participants was
realized. After each participant’s calibration fA€B performed chamber constancy checks.
The chambers stayed at the participants site féomger than 3 weeks. The results were
reported to the coordinator within 6 weeks after ¢hlibration. An MS-Excel sheet was
provided by the coordinator in which informatioroabthe radiation qualities and primary
standards used at the participants site and titwai@dn results were filled in. The
uncertainties were given in accordance with the @(e to the expression of uncertainties

in measurements [4]. The comparison was conduobea February 2004 until October 2005,
as shown in Table 4.
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Table 4.Date of calibration at the participants site andstancy check measurements at PTB

Participant Date of calibration Constancy checks
PTB February 2004

OMH February 2004 February 2004
NMi April 2004 April 2004

BEV May/June 2004 June 2004
ARPANSA August 2004 August2004
NPL October 2004 November 2004
NIST December 2004 February 2005
STUK March 2005 April 2005
NMIJ/AIST June/July 2005 August 2005
INER September 2005 October 2005

3 Results
3.1  Energy dependence of the response of the traasthambers

The correction factor for the radiation quality,, , is defined as the ratio of the calibration

coefficients at the radiation quality Q and §¢ing™*'Cs gamma radiation. The dependence of
Koo, @s @ function of the mean energy of the radiagiomlity measured at PTB is shown in

Figure 1.
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Figure 1. Correction factor for the radiation qualitl, , , as a function of the mean energy

of the radiation quality. The lines connecting fiuents serve to guide the eyds,, varies
only moderately down to N-40 but increases strobgiyveen N-40 and N-30.
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3.2  Stability measurements

Stability measurements were performed at the PT@ ahch participant's measurements. In
order to obtain maximum information all transfeantbers were calibrated each time for the
ISO 4037 N-20 to N-300 and in addition f3fCs and°CoYy radiation at comparable air
kerma rates of the order of som@y/h. Measurements were performed in February,l Apri
June, August and November in 2004 and in Februgsil, August and October in 2005. The
mean values and relative standard deviations cddhgples are shown in Table 5.

Table 5. Mean values and relative standard deviatits of the samples of the calibration
coefficients measured at the PTB during the star siped comparison

TK30 TK30 + Cu LS01 LS10

MeanNg S-Dev MeanNgk S-Dev MeanNg S-Dev MeanNgk S-Dev

10° Gy/C % 10° Gy/C % 10* Gy/C % 10° Gy/C %
N-20 1.6571 0.10 - 4.3518 0.14 5.2758 0.19
N-25 1.2820 0.10 - 3.2943 0.13 3.9456 0.19
N-30 1.1254 0.14 6.3883 0.22 2.8353 0.32 3.3506 10.3
N-40 1.0333 0.11 2.2467 0.16 2.5353 0.19 2.9785 00.2
N-60 1.0297 0.21 1.3675 0.15 2.4359 0.39 2.8349 004
N-80 1.0485 0.17 1.1633 0.16 2.4571 0.26 2.8685 50.3
N-100 1.0422 0.12 1.0932 0.20 2.489p 0.26 2.9268 330.
N-120 1.0324 0.16 1.0607 0.22 2.497) 0.26 29587 340.
N-150 1.0294 0.22 1.0470 0.28 2.4978 0.34 29449 200.
N-200 1.0290 0.14 1.0353 0.14 2.4904 0.3 29684 220.
N-250 1.0348 0.14 1.0387 0.22 2.5196 0.2( 29917 310.
N-300 1.0420 0.16 1.0444 0.18 2.538p 0.2( 3.0000 190.
S-Cs 1.0452 0.13 - 2.5423 0.10 3.0110 0.12
S-Co 1.0206 0.12 - 2.4807 0.17 2.9409 0.13

The normalized air kerma responses of the tram$i@mbers measured during the comparison
period are shown in Figs. 2 to 5. From the resalitained at Cs and Co gamma radiation it
can be concluded that the chambers behaved satficeonstantly during the comparison. It
is important to note that for the x-radiations T30 was calibrated at 1m distance from the
focal spot directly against the free-air chambdre TS01 chamber was subsequently
calibrated at 2 m distance against the TK30 and. 810 at 3 m distance against the LS01.
This procedure avoids problems due to low currigmads of the free-air chamber at larger
distances from the focal spot. For the TK30 chanttherariances of the calibration
coefficients for the x-radiations are comparablétwse for the gamma radiations. This is not
true for the larger LS01 and LS10 chamber whictecééd significantly higher variances for
the x-radiations. This finding can neither be exygd by type A uncertainties in the current
measurements, which were always less than 0.1%gyndifferences in the set-up, which
caused much lower uncertainties. It is assumedttleatigher variances are due to effects of
the larger radiation fields which might reflectgsitly different dose rate profiles on different
days.
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Figure 2. Measured air kerma response of the transfer chanmiB@0-113 during the

comparison normalized to the mean value as a fumaif the mean energy of the radiation

qualities.
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Figure 3. Measured air kerma response of the transfer chamk80-113/Cu during the
comparison normalized to the mean value as a fumaf the mean energy of the radiation
qualities.
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Figure 4. Measured air kerma response of the transfer charhB@1-111 during the
comparison normalized to the mean value as a fumaf the mean energy of the radiation
qualities.
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Figure 5. Measured air kerma response of the transfer charhB&0-113 during the
comparison normalized to the mean value as a fumaf the mean energy of the radiation
qualities.
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3.3 National air kerma standards and calibration caditions at the participant’s sites

The essential technical data of the national aimkestandards of the participants and the
essential parameters characterizing the calibratomlitions at the participants sites are
summarized in Table 6. The STUK does not maintsiown primary standard but uses the
secondary standard ionization chamber of type NE2Ba&nufactured by “Saint-Gobain
Crystals and Detectors UK Ltd.” which is traceaiol¢he PTB. The OMH, NPL, NIST and
INER used different free air chambers for the lawd medium-energy x-ray qualities. The
PTB and INER used cylindrical and all other papiits plane parallel type free air
chambers. The aperture diameters vary betweem®ahd 2.5 cm. The measuring volumes
of the frer(?ei air chambers used for the comparisemaite different ranging from 0.88 &mp
to 90.3 cmi.

The calibration conditions were not exactly prdsedi in the technical protocol in order to
leave some degrees of freedom to the participantsawuld use their routine procedures for
such kind of calibrations. Therefore the conditisrese not the same at the participants sites.
Different focal distances, beam sizes and air keates were used as shown in Table 6. Most
of the participants calibrated the TK30 directhasngt their primary standards at distances
between 1000 mm and 1500 mm. The NPL and STUK ssedndary standards for this
purpose. The NPL and STUK calibrated all threedfemnchambers at the same (large)
distances of 2900 mm and 3000 mm, respectively.tDtiene constraints, NPL was obliged
to calibrate all of the chambers at the same tifeeaccommodate the size of the LS10
chamber, the calibrations were performed at 2900fowal distance instead of the 2000 mm
used routinely. Except NIST, who calibrated th@darchambers directly against their
primary standard, all other participants used seéapnstandards for this purpose. The LS01
chamber was calibrated at focal distances betw@@@ thm and 4235 mm, the LS10 at
distances between 2000 mm and 5360 mm.

It is useful to know the signal currents of theioradl standards and the transfer chambers
during the measurements at the participant’s sltiesrefore the approximate currents were
calculated from the given air kerma rates at N43@ar N-100 and the known measuring
volumes of the ionization chambers. The valuesalse listed in Table 6. The signal currents
of the national standards in Table 6 corresportigair kerma rates used by the participants
for the calibration of the TK30. Signal currentdvibeen 0.4 pA at ARPANSA and 37.5 pA at
STUK were obtained. Depending on the leakage thigeal currents caused more or less
type A uncertainties in the determination of thevantional true value of the air kerma rates
(see Table 9 in chapter 3.5). The signal currehtiseotransfer chambers were generally much
larger than their expected leakage currents arréftive did not cause any considerable

type A uncertainties in the majority of the measugats at any site.

The half value layers of the ISO 4037 narrow spectseries realized at the participant’s sites
are listed in Table 7a together with the valueggiin the standard itself. The normalized
values in Table 7b show that all values agree thitise of the standard within5 %.
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Table 6. Essential technical data of the national air kestaadards and parameters characterizing the a@dibrconditions at the participant’s site.
Abbreviations: cyl: cylindric, pp: plane parallat,nominal, P: Primary Standard, S: Secondary Stah&SD: Source detector distance

National air kerma . AR- NMIJ/
Standards PTB OMH OMH NMi BEV PANSA NPL NPL NIST NIST STUK AIST INER INER
FAC Type eyl pp pp pp pp pp pp Pp pp pp NE2375 pp cyl cyl
Used at kV 30-300 30 40-300 30-300 30-3Q0 30-30D0 3( 40-300 6(BO- 80-300( 30-300 30-300 30-40 60-300
Aperture diameter /cm| 2.0009 | 0.4999% 0.9827 | 1.0061 1.96| 0.8047®.80014| 1.0014 | 1.00017 0.9999 2.5009] 0.4000 1.0005
Collecting length /cm | 20.001| 4.094| 29.647 10.04 30.( 10.0849.9714 | 9.9948| 7.003 10.08 9.99 7.0000 29.3129
Electrode separation /cm 40 6.00 32.0 60 32.6 20 6.25 26.4(n) 9.0 200 (24/08.0000| 30.0000
Collector width / cm 34 31.9 30 7.3 (n 35(n) 9.0 26.8 23.55 15.5188.9500

Measuring volume / cin| 62.892 | 0.80369 22.675| 7.9795 90.3 5.1297 1.0048 7.8963 5.502 7192600 49.073| 0.8801 23.0458
Polarizing voltage / V | 3000 1600 6000 6000 6000 5000 -1500 -3000 -5000 0050 250 -4000 2000 3500

N " . AR- NMIJ/
Calibration conditions | PTB OMH OMH NMi BEV PANSA NPL NPL NIST NIST | STUK AIST INER INER
TK30 calibrated against P P P P P P S S P P S P P A
LS01 calibrated against S S S S S S S S P P S S S S
LS10 calibrated against S S S S S S S S P P S S S S
TK30: SDD / mm 1000 1000 1000 1000 1350 1331 2000 2900 1000 1000000 3 1520 1000 1500
LS01: SDD / mm 2000 2500 2500 3000 2500 4235 2000 2900 1000 1000000 3 3020 2000 3000
LS10: SDD / mm 3000 5000 3000 5000 536( 2900 2000 2000 3000 502@000 4800
TK30: beam diam./mm| 100 110 113 100.3 170 110 275 350 100 60 430 210 0 12 100
LS01: beam diam./ mm | 200 275 283 301 310 350 275 35( 150 210 430 400 240200
LS10: beam diam./ mm | 450 565 301 610 443 350 300 30( 430 660 480 3r0
Air kerma rates IGy/s N-100 N-30 N-100| N-100] N-100 N-100 N-3( N-100 N-30 N-100 | N-100 | N-100 N-30 N-100
Calibration of TK30 9.6 101.1 9.7 7.8 7.3 2.4 6.25 0.74 50,3 4.4 1.y6 .681| 102.9 2.22
Calibration of LS01 2.3 2.58 1.63 0.79 2.1 0.23 6.25 0.74 50/3 4.9 0.560.21 24.63 0.51
Calibration of LS10 1 0.2 0.79 0.49 0.14 0.74 3.2 0.6 0.56 0.14 5.640.19
National Standard: | / pA| 21.4 2.9 7.8 2.2 23.4 0.4 2.2 2.6 9.4 1.2 37\5 2|9 3.2 1.8
TK30: 1/ pA 10.2 107.7 10.3 8.3 7.8 2.6 6.7 0.8 53,6 4.7 1/9 8 1 109.6 2.4
LS01: 1/ pA 81.7 91.6 57.9 28.0 74.6 8.2 2219 26.3 1785.7 (0174. 19.9 7.5 874.4 18.1
LS10: 1/ pA 355.0 71.0 280.5 174.0 49.7 262(7 1139.6 21B.0 8.819 49.7 1966.7, 67.5
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Table 7a.First half value layers of the ISO narrow spectiquralities at the participant’s sites
given in mm Al for N-30 and mm Cu for the other bjues.

Quiality JE:?? PTB OMH NMi BEV PQIE\I)-SA NPL NIST | STUK ’\'AI":QZJI_/ INER
N-30 | 1.15| 1.182 1.16 1.19 1.1% 1.14 121 1.154 1}19.15 | 1.155
N-40 | 0.084| 0.088 0.08 0.086 0.084 0.083 0.085 0.082084 | 0.0831 0.087
N-60 | 0.24 | 0.243| 0.24 0.23 0.22 0.24 0.234 0.241 40.D.2405 0.24
N-80 | 0.58 | 0.588 0.57 0.57 0.58 05p 0581 0.9 0(58.58 0.59
N-100| 1.11 | 1.111y 1.12 1.08 1.09 1.14 12 114 1{11.11 1.14
N-120| 1.71 | 1.692 1.74 1.67 1.7p 1.69 13 176 1{71.711| 1.75
N-150| 2.36 | 2.336) 2.36 2.3( 2.48 2.34 2.42 241 2/3@.36 241
N-200| 3.99 | 3.904 4.01 3.8( 4.00 4.04 .10 4.09 410(8.99 4.09
N-250| 5.19 | 5.093 5.24 5.1d 5.19 5.26 5.33 534 5[2%.19 5.24
N-300| 6.12 | 5.983 6.15 6.07 6.08 6.09 6.26 6.17 6/15.12 6.11

Table 7b. First half value layers of the ISO 4037 narrowctépen qualities at the
participant’s sites normalized to those given im skandard.

Quality JE:?? PTB OMH NMi BEV PQIE\I)-SA NPL NIST STUK ’\'AI":QZJI_/ INER
N30 | 1 |1.03 |1.01 | 1.03 | 1.00 | 099 | 1.05] 1.00 12.00 1.0p  1.00
N40 | 1 |1.05 |095 | 1.02 | 1.00 | 099 | 1.01] 098 1.00 09p 1.04
NGO | 1 |1.01 |1.00 | 096 | 092 | 1.00| o098 1.0d0 1.00 1.0p 0.99
N80 | 1 |1.01 |098 | 098 | 1.00 | 1.02 | 1.00] 1.02 1.00 1.0p 1.01
N-100| 1 |1.00 |1.01 | 097 | 098 | 1.03| 1.01] 1.03 1.00 1.0p 1.03
N-120| 1 |0.99 |1.02 | 098 | 099 | 099 | 1.01] 1.03 1.00 1.0p 1.02
N-150| 1 |0.99 |1.00 | 097 | 1.05| 099 | 1.03] 1.02 1.00 1.0p 1.02
N-200] 1 |098 |1.01 | 095 | 1.00 | 1.01 | 1.03] 1.03 1.00 1.0p 1.02
N250| 1 |0.98 | 101 | 098 | 1.00 | 1.01 | 1.03] 1.03 1.00 1.0p 1.01
N-300| 1 |0.98 |1.00 | 098 | 099 | 1.00 | 1.02] 1.01 1.00 1.0p  1.00

3.4  Calibration coefficients of the participants

The calibration coefficients and uncertainties otgd by the participants are listed in the
Tables B1 to B4 and are also shown in the figure$aBB4 of Appendix B. In order to
present the results for each transfer chambemiayathat the relative variation of the data can
easily be recognized they were normalized for eadkation quality to their mean values and
plotted against the tube voltage as shown in Fgyér® 9. If these graphs are compared with
those in Figures 2 to 5 it becomes clear thatépeated constancy check measurements of
the transfer chambers at PTB reflected sufficielalyer variation compared to those of the
comparison results. This is shown quantitativelyth®ynumbers presented in Table 8 where
the standard deviations of the distributions ofrdwmults, those of the stability measurements
and their ratios are listed. It appears that thesavere mostly greater by more than a factor
of 3 and this is sufficiently large if one takesoimccount that the stability measurements
include not only the real stability of the transé®ambers but also the reproducibility of the
whole calibration procedure at one laboratory.



EUROMET 545: Final report 25/09/2008 page 11 of 48

Table 8. Comparison of the standard deviations ofe distributions of the calibration
coefficients obtained by the participants and thosef the stability check measurements
at PTB

TK30 LS01 LS10

Results Stability Ratio | Results Stability Ratio | Results Stability Ratio
Quality s/ % s/ % s/ % s/ % s/ % s/ %
N-30 0.74 0.14 53 1.11 0.32 3.4 1.57 0.31 5.0
N-40 0.77 0.11 7.1 1.23 0.19 6.7 1.24 0.20 6.1
N-60 1.00 0.21 4.8 1.14 0.39 29 1.16 0.40 29
N-80 0.55 0.17 3.3 0.92 0.26 3.5 1.16 0.35 3.3
N-100 0.65 0.12 5.3 1.12 0.26 4.4 1.09 0.33 3.3
N-120 1.19 0.16 7.6 0.84 0.26 3.3 0.64 0.34 1.9
N-150 0.60 0.22 2.7 0.62 0.34 1.8 0.69 0.20 3.5
N-200 0.86 0.14 6.1 0.76 0.32 2.3 1.08 0.22 4.9
N-250 0.76 0.14 5.4 0.82 0.20 4.0 0.82 0.31 2.7
N-300 1.58 0.16 9.6 1.27 0.20 6.4 2.24 0.19 11.5

Compared to the results obtained from key compasig@tween national air kerma standards
for low- and medium -energy x-rays, designated @&VBRI(1)-K2 [1] and K3 [2], the data of
the present work reflect significantly larger difaces. One of the objects of this work was to
analyze in more detail which influence quantities r@sponsible for the larger variation of the
data even though in most cases the same primargasthfree-air ionization chambers are
used.
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Figure 6. Calibration coefficients of the transfer chamb&?30-113 normalized to the mean
value of all participants as a function of the tubéage.
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35 Uncertainties of the calibration coefficients

From the tables in appendix B it can be seen tietdlative uncertainties of the calibration
coefficients given by the participants for a speahamber and radiation quality are
significantly different by up to a factor of foun order to analyze the differences, the main
uncertainty components of the participant’s resgiten for the TK30 are compared in

Table 9 for the beam qualities N-30, N-100 and 9-30can be read from the table that the
majority of the relative standard uncertaintiesiarhe range between about 0.3 % and 0.5 %.
Participants claiming uncertainties in this rangeoed their dominant contributions from

the type B uncertainty of the conventional trueueadf the air kerma rate which is measured
with free-air ionization chambers. Larger uncetiasmabove 0.5 % were given by NMi, NPL,
ARPANSA and STUK due to different sources.

The NPL obtained larger uncertainties of about O4/@hainly caused by an additional
component, called 48300 Which was about 0.46 % independent of the beaatitgyuThe NPL
used two different x-ray facilities one for the lomp to 50 kV) and the other for the
medium-energy (up to 300 kV) x-ray range. The réaiaquality N-40 can be generated at
both facilities. When the secondary standards walibrated at N-40 at both facilities a larger
random variability was observed than for repeatedsurements at any given quality at the
same facility. This problem is still not resolvestisfactorily and thereforesgsgowas
introduced to account for this kind of uncertaintyaddition, NPL estimates 0.23 %
uncertainty contribution from the non-uniformity thle beam, which is more than the values
taken by the other participants.

The NMi submitted uncertainties of about 0.7 %MNeB0 to N-200 and 1.3 % for N-250 and
N-300. The increased uncertainty for N-30 to N-B)fhainly caused by the type A
uncertainty in the charge measurement with the M&&-air chamber, which was 0.5 % at all
qualities. At N-250 and N-300 two additional compnots contribute significantly to the
increased uncertainty, which are the uncertaimti¢ise front face penetration and in the
correction factor for electron loss which wererastied at 1.0 % and 0.5 %, respectively.

The ARPANSA estimated larger uncertainties betwkeé&r?o and 1.6 % because of type A
uncertainties of their free air chamber MEFAC oftad.5 % at N-100. The MEFAC is
designed for therapy-level beams, and has a veajl signal for the ISO Narrow Series.
From Table 6 it can be read that the signal cuiwéthe MEFAC was only about 0.4 pA at
the radiation quality N-100.

The STUK claimed larger uncertainties of up to%.%n their uncertainty budget which is
due to the fact that this is a secondary standdooratory and the main uncertainty
component is the type B uncertainty of the air kemeasurements.
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Table 9. Summary of the main uncertainty components givethbyparticipants for the
calibration coefficients of the transfer chamber3Dkat N-30, N-100 and N-300

. AR- NMIJ/
N-30: Component PTB OMH NMi BEV PANSA NPL NIST STUK AIST INER
air kerma (Type B) 0.27 050 0.69 041 0.31 0.51310. 1.36 0.25 0.37
air kerma (Type A) 0.10 0.23 0.70 0.10 0.33 0.30
charge/current (TK30) 0.05 0.09 010 0.10 0.10 0.08.21 0.06 0.21
monitor 0.05 0.01 0.10
distance 0.10 0.02 0.20 0.04 0.15 0.01 0.01 0.05 .010
beam nonuniformity 0.15 0.10 0.21 0.23 0.10
air density correction 0.04 0.08 0.04 0.07 0.10 00.10.08 0.06 0.04
scattered radiation 0.10 0.90 0.20
humidity 0.06 0.07 0.05 0.10
Rso1300 0.46
Angular 0.12
Set-up 0.54 0.05
Quadratic sum 035 053 073 049 1.22 0.75 051501. 0.36 0.44
. AR- NMI1J/
N-100: Component PTB OMH NMi BEV PANSA NPL NIST STUK AIST INER
air kerma (Type B) 0.27 035 065 0.30 0.31 0.54 310. 1.08 0.29 0.23
air kerma (Type A) 0.10 0.23 1.50 0.10 0.33 0.20
charge/current (TK30) 0.05 0.15 0.0 0.10 0.10 0.08.21 0.07 0.53
monitor 0.05 0.01 0.10
distance 0.10 0.02 0.20 0.04 0.15 0.01 0.01 0.05 .010
beam nonuniformity 0.15 0.10 0.21 0.23 0.10
air density correction 0.04 0.08 0.04 0.07 0.10 00.10.08 0.06 0.02
scattered radiation 0.10 0.20 0.20
humidity 0.06 0.07 0.05 0.03
Rso1300 0.46
Angular 0.12
Set-up 0.54 0.01
Quadratic sum 035 040 070 0.40 1.57 0.78 0.51231. 0.39 0.58
. AR- NMIJ/
N-300: Component PTB OMH NMi BEV PANSA NPL NIST STUK AIST INER
air kerma (Type B) 0.27 035 127 0.30 0.31 0.54 310. 1.08 0.35 0.23
air kerma (Type A) 0.10 0.35 1.00 0.10 0.33 0.20
charge/current (TK30) 005 029 010 0.10 0.10 0.08.21 0.07 0.13
monitor 0.05 0.01 0.10
distance 0.10 0.02 020 0.04 0.15 0.01 0.01 0.05 .010
beam nonuniformity 0.15 0.10 0.21 0.23 0.10
air density correction 0.04 0.08 0.04 0.07 0.10 00.10.08 0.06 0.02
scattered radiation 0.10 0.20 0.20
humidity 0.06 0.07 0.05 0.3
Rso1300 0.46
Angular 0.12
Set-up 0.54 0.01
Quadratic sum 035 047 129 048 1.11 0.78 051231. 043 0.27
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The uncertainties given for the three transfer dbens of different sizes are compared in
Table 10 for the selected radiation qualities N48€1,00 and N-300. The PTB, OMH, BEV,
NMIJ/AIST and the INER estimated essentially insiag uncertainties with increasing size
of the chambers. It was already stated that NISibreded the larger chambers LS01 and
LS10 directly against their free-air chambers. Tagses slightly larger type A uncertainties
in the free-air chamber current measurements dtleettower dose rates at larger distances.
The other participants invoked secondary standaadhbers for the calibration at larger
distances and this lead to slightly increasedixaatncertainties. The NMi, NPL and STUK
estimated about the same uncertainties for alettremsfer chambers independent on the
chamber size. The NPL calibrated all the threesfearchambers at the same distance, which
might be an explanation for the nearly unchangex®rainties. The ARPANSA’s
uncertainties are clearly dominated by the typenéeutainties of their free-air chamber
MEFAC as already stated in 3.5 and hence no cowelto the transfer chamber size is
observed.

Table 10.Comparison of the relative uncertainties of thébcation coefficients given for the
different chambers at selected radiation qualities

PTB OMH NMi BEV P:AA:NRéA NPL NIST  STUK ,\:Yg:]r/ INER
N-30
TK30 0.35 0.52 0.74 0.50 1.22 0.75 0.38 1.50 0.36 0.44
LSO1 0.45 0.56 0.77 0.75 14 0.8 0.37 1.50 0.40 0.56
LS10 0.53 0.77 0.9 1.4 0.40 1.50 0.41 0.61
N-100
TK30 0.35 0.40 0.70 0.40 1.57 1.0 0.40 1.23 0.39 0.58
LSO1 0.45 0.41 0.72 0.75 1.2 0.9 0.37 1.23 0.51 0.46
LS10 0.53 0.46 0.72 0.9 11 0.9 0.49 1,23 0.51 0.47
N-300
TK30 0.35 0.48 1.29 0.50 111 1.0 0.38 1.23 0.43 0.27
LSO1 0.45 0.47 131 0.75 13 0.9 0.39 1.23 0.49 0.31

LS10 0.53 0.53 1.31 0.9 1.3 0.9 0.43 1.23 0.49 0.33
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4. Evaluation

The comparison was evaluated based on the retiolgnsin Tables B1-B4. According to the
objects of the comparison (i) indirect comparisbthe air kerma standards for the 1ISO 4037
narrow-spectrum series in the range 30 kV to 30@kRY (ii) comparison of the calibration
coefficients for these qualities of three differeited chambers with diameters 4.4 cm
(TK30), 14 cm (LS01) and 27.5 cm (LS 10) differezgults were extracted for (i) and (ii).
The evaluation of the indirect comparison of theekarma standards (i) was based on the
results obtained with the TK30, because the diantétéis chamber is closer to the aperture
diameters of the primary standards in use and higgldesize dependent effects are
minimized. The data was evaluated following theppised guidelines for the evaluation of
key comparison data [5]. The results in terms ef‘@®upplementary Comparison Reference
Values” (SCRYV) and of the degrees of equivalenBet=) between the participants and the
SCRYV are presented in chapter 4.1. The influengmss$ible differences due to beam quality
realizations are presented and discussed in ch&efhe evaluation of the comparison
results based on the other transfer chambers L&)1.810 and the differences obtained
between the results of the three transfer chandyerpresented in chapter 4.3.

4.1  Degrees of equivalence for the supplementaryroparison EUROMET.RI(I)-S3
between national air kerma standards for the ISO-na&ow spectrum series

The DoE of a national measurement standard is sgpdequantitatively by two terms: its
deviation,D, from the comparison reference value and the tmiogy, U, of this deviation (at

a 95 % level of confidence). Xf denotes the comparison result of participaaridx, the

SCRYV, the deviations can be expresseDias (x; - X;). The comparison resulksand their
uncertaintiesy associated with the data obtained from the caldmwacoefficients and their
uncertainties of the TK30 transfer chamber werduatad following the procedures
described in reference [5]. The comparison referemmtuess were calculated from the data

x anduy; of all participants except STUK which does notmia@in a primary standard but is
traceable to PTB. However, the data of STUK isudeld in the evaluation of the DoE. It
turned out that the evaluation of the data wjtbalculated as the weighted mean of the data
of the participants (procedure A in [5]) did nospdhe consistency check at the qualities N-
250 and N-300. This can be explained by the sicguifily large differences between some of
the participants results of up to 5 % which is mibi@n about 8 times the relative standard
uncertainties given by the corresponding partidipadowever, it is not justified to exclude
some of the results as “outliers” because all efrtlwere obtained invoking primary standard
free air chambers. Therefore procedure B of refar¢h] was applied which calculates

based on the median. The uncertainties of theeefervaluesy,, the deviation®; and the
expanded uncertainties of thebl, were evaluated with a statistical estimation ase

Monte Carlo sampling as described in [5]° $@mples were used in this calculation following
the recommendation in [5]. The obtained valgesndu, are shown in Table 11. The
uncertainties of the values at N-250 and N-300sageificantly larger than those of the
others. The reason is again the significant scaftesome of the participants calibration
coefficients by more than several times of theesponding standard uncertainties. The ratios
of the calibration coefficients of the participangs and the SCRW,, are given in Table 12.
The DoEs were expressed as differences in thesradit respect to the SCRYV,

Di = (X - X) / X and the expanded uncertainti$of these differences. The results expressed
in parts of 16 are summarized in Table 13. These data are atsorsim the Figures C1 to

C10 of Appendix C. From the figures and Table 1&8opears that the comparison data are
mostly (90 out of 99) consistent within the expahdacertainties except for the results of
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NMi at N-120 and N-200, ARPANSA at N-300, NIST at280, STUK at N-60, NMIJ at N-
150 and N-300, and INER at N-30 and N-300. Possédsons for the discrepancies should
be investigated by the corresponding participants.

Table 11.Comparison reference valueg,and relative uncertainties(x), of each quality,
which is the median of the participant’s calibratmpefficients in units of Gy/C

Qual. SCRVX, u(x) / %
N-30 1.1259E+06 0.24
N-40 1.0305E+06 0.24
N-60 1.0292E+06 0.22
N-80 1.0470E+06 0.24
N-100 1.0374E+06 0.26
N-120 1.0300E+06 0.24
N-150 1.0255E+06 0.21
N-200 1.0240E+06 0.24
N-250 1.0266E+06 0.39
N-300 1.0321E+06 0.44

Table 12. Ratiosx/x at each of the radiation qualities.

Qual. PTB OMH NMi BEV PQI\RISA NPL NIST STUK /I\Al:gljr INER
N-30 0.9994 1.0049 0.9985 1.0053 1.0149 0.9893 0.99740012. 1.0016 0.9876
N-40 1.0043 0.9972 0.9966 1.0034 1.0094 1.0092 0.9997020B. 0.9953 0.9944
N-60 1.0051 0.9977 1.0046 1.0008 1.0022 1.0066 0.99710311. 0.9926 0.9988
N-80 1.0051 0.9959 1.0024 0.9991 1.0047 1.0115 0.9999004D. 0.9907 0.9976

N-100 1.0075 0.9970 1.0063 0.9997 0.9937 0.9977 1.00050156. 0.9935 1.0014

N-120 1.0051 0.9972 0.9778 0.9981 1.0214 0.9893 1.0033012B. 1.0026

N-150 1.0040 0.9981 1.0024 0.9976 1.0043 0.9976 1.00300145. 0.9901 0.9991

N-200 1.0066 0.9997 0.9787 0.9961 1.0056 1.0029 1.00320109. 0.9926 1.0010

N-250 1.0089 0.9999 0.9984 0.9935 1.0108 1.0013 1.0120004#. 0.9893 0.9916

N-300 1.0115 1.0035 0.9816 0.9941 1.0363 1.0018 1.00830105. 0.9864 0.9819
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Table 13. Differenced; and their expanded € 2) uncertaintiet); expressed in parts of
10%, and the rati®; / U; of each participant. Ratid3 / U; > 1 characterize discrepancies and

are printed in bold letters. Some 9 out of 99 rssalle inconsistent.

AR-

Qual. PTB OMH NMi BEV PANSA NPL NIST | STUK IAIST INER
N-30 D -0.5 5.0 -1.4 5.4 150 -10.p -2% 1.2 17 -12.3
0] 6.9 10.6 | 13.7| 10.3 234 159 7.y 30.4 712 9.7
Di/ U; 0.1 0.5 0.1 0.5 0.6 0.7 0.3 0.0 0.2 13
N-40 Di 4.2 -2.9 -3.4 3.4 9.4 9.2 -0.3 203  -47 -5 7
0] 7.8 8.2 13.2 9.0 22.2 19 7.3 30{4 86 9.2
Di/ U; 0.5 0.3 0.3 0.4 0.4 0.5 0.0 0.7 0.5 0.6
N-60 D 5.2 -2.2 4.6 0.8 2.2 6.6 2.8 311 -7/4 -1.2
0] 7.9 7.7 13.6 8.6 16.1 195 7.8 25/0 8/4 6.7
Di/ U; 0.7 0.3 0.3 0.1 0.1 0.3 04 1.2 0.9 0.2
N-80 D 5.2 -4.0 2.5 -0.9 4.8 11.6 0.0 4.0 -9.3 -2\4
0] 8.1 8.6 13.3 7.8 21.2 20.0 7.8 25(1 8,8 8.8
Di/ U; 0.6 0.5 0.2 0.1 0.2 0.6 0.0 0.2 1.0 0.3
N-100 D 7.5 -3.0 6.4 -0.3 -6.2 -2.2 0.9 156 -6;3 15
0] 8.6 8.5 14.0 8.0 36.3 19.0 8.1 25(1 9.0 11.1
Di/ U; 0.9 0.3 0.5 0.0 0.2 0.1 0.1 0.6 0. 0.1
N-120 D 5.1 -29 | -223| -2.0, 214 -108B 3.2 12{3 215
0] 7.8 8.3 14.5 7.5 284 19.2 8.0 25(1 98
Di/ U; 0.6 0.3 15 0.3 0.8 0.6 0.4 0.5 0.3
N-150 Di 4.1 -1.8 2.5 -2.4 4.3 -2.4 3.1 145 -9.8 -0.8
0] 7.5 7.9 13.3 7.9 10.6 18.9 7.6 25/0 8,8 5.4
Di/ U; 0.5 0.2 0.2 0.3 0.4 0.1 0.4 06 1.1 0.2
N-200 D; 6.6 -0.3 | -21.3] -3.9 5.6 2.9 3.2 10,9 -75 1/0
V] 8.2 7.4 14.5 8.4 114 18.8 7.8 25|1 9.3 714
Di/ U; 0.8 0.0 15 0.5 0.5 0.2 0.4 0.4 0.8 0.1
N-250 D 9.0 -0.1 -1.6 -6.4| 10.8 1.4 12.0 44  -10.7 -84
V] 10.3 9.1 23.2| 105 169 178 11,0 258 115 9.3
Di/ U; 0.9 0.0 0.1 0.6 0.6 0.1 1.1 0.2 0.9 0.9
N-300 D 11.5 3.5 | -184] -59| 36.3 1.9 8.3 105 -13.7 -1B.1
V] 11.2 | 104, 256/ 11 140 159 11|13 261 122 10.2
Di/ U; 1.0 0.3 0.7 05| 26 0.1 0.7 04| 11 1.8
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4.2  Influence of different realizations of the radation qualities

The calibration coefficients obtained with the specombination of TK30 + 0.1 mm Cu
filter were normalized to those obtained with tH€3D without the filter. This normalization
eliminates the differences in the absolute calibratoefficients and the resulting numbers
are assumed to reflect mainly the dependence atthdts on differences in the realizations
of the radiation qualities. These ratios of alllgies and of all participants are shown as
frequency distributions in Figure 10. In the uppart all qualities are included whereas in the
lower part the data of the N-30 and N-40 qualitiese omitted. It was found that 62 out of
89 data points agree with#n0.5 %, 79 out of 89 withitt 2 %. The most significant
differences were found at N-30 and N-40 at som#qieants sites (see Figure 7). It can be
concluded that at some participants sites theréagge differences in the radiation qualities
N-30 and N-40, but for the other qualities thera sufficiently good agreement. It is
recommended that the participants concerned cledkdorresponding qualities.
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Figure 10. Frequency distributions of the ratio of the caliiyn coefficients obtained with
the TK30 and TK30 + 0.1mm Cu filter by all partiaits. The upper diagram includes all
radiation qualities, the qualities N-30 and N-48 amitted in the lower one.
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4.3  Influence of the chamber size on the comparisalsults

SCRYV and DoE with the SCRV were calculated basethemesults obtained with the
transfer chambers LS01 and LS10 in order to exath@énfluence of the transfer chamber
size on the comparison results. The applied evialugrocedure was exactly the same as that
one used for the TK30 described in chapter 4.1.r€kelts are summarized in Appendix D
and graphs of the DoE with the SCRV of each raalagjuality obtained with the TK30,

LSO01 and LS10 are shown in Appendix E.

The differences in the valu&s between the data obtained with the TK30 and th&ll.S

TK30 and LS10 and LSO01 and LS10 were calculate@doh radiation quality and
participant, to eliminate to a certain extent thiguence on the results caused by differences
in the national air kerma standards. Frequencyibligions of the the valuds; and of the
differences in these values obtained by the thesester chambers were evaluated and are
shown in the Figures 11 and 12.
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Figure 11. Frequency distributions of the differend@gdenoted as DOE in the diagrams) of
all qualities obtained by all participants basedlmresults obtained with the transfer
standards TK30 (left), LSO1 (centre) and LS10 @igine used.
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Figure 12. Frequency distributions of the differences invthkiesD; between TK30 and
LSO01 (left), TK30 and LS10 (centre) and LS01 and @ &ight) calculated for all radiation
qualities and participants.

From Figure 11 it can be read that the standarchtiens of the frequency distributions of the
valuesD; obtained with the transfer chambers TK30, LS01a®H0 increase as 9.3x10
10.4x10° and 13.1x18, respectively. From this trend it is concluded ihageneral the

results have a larger spread as the size of thefelachamber increases. What are the
possible reasons for this result? The frequendyiloligions of the differences in th# data

of the transfer chambers shown in Figure 12 dacootain the variation in the data due to
differences in the national air kerma standardsarewould expect that these distributions
have significantly reduced standard deviations. kv, the standard deviations of the
distributions of the differences between the TKA@ the two larger chambers LS01 and
LS10 are 8x18 and 11.9x10, respectively, and thus are of the same magnasdhose of
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the DoE distributions. Only the distribution of téferences between the data of the two
larger %hambers LS01 and LS10 has a significaetlyced value of the standard deviation of
6.3x10°.

To understand these results it is helpful to laoobkome more detail. Figures 13, 14 and 15
show the differences in thg values between the different transfer chambessfaaction of
the participants. It can be seen that the variaifdhe data is significantly different between
the participants in the Figures 13 and 14 but naleber in the Figure 15. To quantify this
observation the standard deviations of the distiding of the data shown in the three Figures
were calculated for each participant and are pldtigether in one graph shown in Figure 16.
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Figure 13. Differences in the valud3; obtained with the TK30 transfer chamber to those
obtained with the LS01 chamber.
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Figure 14. Differences in the valud3; obtained with the TK30 transfer chamber to those

obtained with the LS10 chamber.

EUROMET.RI(I)-S3
Difference in the degrees of equivalence for air kerma: LS01 and LS10
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Figure 15. Differences in the valud3; obtained with the LSO1 transfer chamber to those

obtained with the LS10 chamber.
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EUROMET.RI())-S3
Standard deviations of the differences in the degrees of equivalence for air kerma
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Figure 16. Standard deviations of the distributions of thiéedences in valueB; shown in
Figures 13, 14 and 15.

From Figure 16 it can be seen that the variatiothefdifferences in the valués between the
different chambers is of comparable size for th#iggpants PTB, BEV, NIST, NMIJ/AIST

and INER. In contrast, the standard deviations MH)ONMi, ARPANSA, NPL and STUK
show significant differences with the general trémat the value of the standard deviation of
the samples of the differences between the tw@tasigambers is much lower than that
between the TK30 and the two larger chambers. &oesof the participants this observation
can in part be explained by the calibration procedWhereas the TK30 was calibrated
directly against the primary standard the LS01 [88#0 were calibrated against the same
secondary standard. If the primary standard hasfsignt type A uncertainties due to low
signal currents such variations will enter into tlaéibration coefficients of secondary
standards. If the calibration against the primaayndard of the TK30 and the secondary
standard to be used subsequently for the calioratithe LSO1 and LS10 at larger distances
are based on two different measurements with timegpy standard they will reflect these
differences due to the type A uncertainties. Traeethe differences in the valuBsbetween
the TK30 and the two larger chambers will refléede differences but not those between the
two larger chambers because they were calibrat@tstghe same secondary standard which
by itself has negligible type A uncertainties. Taiglanation is clearly the dominating effect
for the results obtained by NMi and ARPANSA whi@analready be seen from the above
Figures. However, even if the described effectstardlifferences in the national air kerma
standards are eliminated as reflected by the datarsin the Figure 15 there still remain non-
negligible data variations between the resultsafdfer chambers of different sizes. Possibly
these effects are due to non-homogenous radiagtws fwhich should be considered more
carefully in the uncertainty budgets.
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From the analyses of the comparison results ampeef@rocedure can be recommended in
order to achieve low uncertainties for the calilmrabf large detectors in low air kerma rate
radiation fields. In a first step a suitable sea@mydtandard should be calibrated against the
primary chamber at short focal distances to kepp & uncertainties of the primary standard
as low as possible. In a second step the largetdetghould be calibrated against the
secondary standard at the necessary focal distdribe.secondary standard calibrated in the
first step is still not suitable for the lower &grma rates at very large focal distances a further
secondary standard of bigger size than the firststrould be calibrated at an intermediate
focal distance and subsequently be used for thieratbn of very large detectors. In general
the additional uncertainties introduced by thipdig step procedure using secondary
standards are lower than those obtained by typeo&rntainties due to low signals of the free
air chamber at large focal distances. However,shroelld be aware of any additional type B
uncertainty introduced by each step.

5. Summary and conclusions

Within the framework of the EUROMET project no. 5d8omparison of 10 national air
kerma standards for 10 radiation qualities of @ K037 narrow spectrum series in the
range from 30 kV to 300 kV was conducted. The campa was performed using three
spherical ionization chambers of types TK30, LSAd BS10, characterized by different
outer diameters of 44 mm, 140 mm and 275 mm, réispdc The smallest chamber, type
TK30, was circulated together with a Cu sheet dfrm thickness. The star shaped
comparison was performed in the period from Felyr@@04 until October 2005. During this
period, nine repeated constancy check measurenmventsdone at the pilot laboratory PTB. It
turned out that the transfer chambers behavedcgritly constantly during the course of the
comparison. All participants were in time and sssta@ with their measurements. The
following results were obtained:

(i) The supplementary comparison reference val8&R(V) and the degrees of equivalence
(DoE) of the participants results with the compamiseference values of each quality were
evaluated from the calibration coefficients obtdimath the TK30 chamber. These data form
the basis of the results in the BIPM key comparidatabase for comparison
EUROMET.RI(I)-S3. The majority of the resulting dagioints (90 out of 99) were consistent
with the SCRV within the expanded uncertainties.

(i) Most of the relative standard uncertaintiegey for the TK30 calibration coefficients
were in the range between about 0.3 % and 0.5 % ddminant contribution came from the
uncertainties of the air kerma rates measured téliree-air ionization chambers. Some
participants estimated significantly larger uncetias. It is recommended, that these
participants improve their calibration procedures.

(i) Differences in the beam quality realizaticgisthe participant’s sites were analyzed by the
ratio of the TK30 calibration coefficients obtainedthout and with the 0.1 mm Cu sheet
placed in front of the chamber. It appeared thattiajority of these ratios, 62 out of 89,
agreed withint 0.5 % and 79 out of 89 withih 2 %. Significant differences were only found
at N-30 and N-40 at some participant’s sites.

(iv) Influences on the results were analyzed ifazation chambers of significantly different
sizes were used. The variation of the data poietewnalyzed from the evaluated DoE with
the SCRYV obtained with the three transfer chamtwerall participant’s results. It turned out
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that the relative standard deviations of the distions of the differences to the comparison
reference values increased with the chamber stlieating that the results become less
reliable (10 out of 95 and 15 out of 93 resultsaoi®d with the LSO01 and LS10, respectively,
were inconsistent). A detailed analysis of theat#hces in the DoE data obtained with the
three transfer chambers led to the conclusionttigamain effects are caused by the use of
non optimized calibration procedures for large dities in radiation fields characterized by
low air kerma rates and by an underestimation efcthrresponding uncertainties.

In general it can be concluded, that there isiafgatg degree of equivalence between the
participant’s results if one takes into account tha ISO narrow qualities are mainly used for
calibration of dosimeters used in radiation protectvhere the demand on the magnitude of
the uncertainties are usually not as high as igrahatic radiology or radiotherapy.
Nevertheless, some participants should think almpitovements in their primary air kerma
standards, especially at N-250 and N-300. In viéthe increasing scatter of the comparison
results with the size of the chambers, which werestrongly correlated with the differences

in the national air kerma standards, the uncestdoatigets should be checked to identify
whether all components have really been includéidha participants have published CMC
lines covering a wide air kerma range of ISO X4dpa@am qualities. Further, published CMCs
of radiation protection quantitiesif; Hy, H') are also based on the air kerma using
conversion coefficients. The uncertainties of théMC claims are not fully consistent with

the uncertainty associated with the degree of edemee in the Tables 13, D3 and D6, so
these published uncertainty values need re-evaludly the participants. A recommended
procedure for the calibration of large sized detecat low air kerma rates is to use secondary
standard chambers of larger measuring volumesasfar standards to be used at larger focal
distances. The additional uncertainties introdumgthis procedure are usually less than those
connected with the low signal currents of the fagechambers. However, not only the
different calibration techniques of the particimhtit some hidden feature of the X-ray beams
and setups ( time and dose rate dependence of nadiainiformity of the beam, ageing

effect of the tubes ) could be the reason of bffievalues in the Tables 13, D3, and D6.
Finally, some of the participants should checkrthelizations of the ISO narrow qualities
especially at N-30 and N-40. It is recommendecepeat this type of comparison after a
period of 10 years.
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APPENDIX A: Pictures of the transfer chambers

1. TK30, Serial number 113

3. LS10, Serial number 113

4 TK30 - 113 with additional Cu-sheet
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Table B1.Calibration coefficients in units of @y/C and relative standard uncertainties
given by the participants for the transfer chami€80-113.

TK30-113: Calibration coeffients in units of 16 Gy/C
PTB | OMH | NMi BEV PQNR'SA NPL | NIST | STUK 'X'Ivg%/ INER
N-30 1.1253| 1.1313 1.124 1.132  1.143 1.114 1.123 1j131281) 1.1120
N-40 1.0349| 1.027§q 1.027 1.034 1.040 1.040 1.030 1|05 0261] 1.0247
N-60 1.0345| 1.0269 1.034 1.030 1.032 1.086 1.026 1|06 0221] 1.0280
N-80 1.0523| 1.04279 1.05C 1.046 1.082 1.0p9 1.047 1/05 0371] 1.0444
N-100 | 1.0451| 1.0342 1.044 103y 1.031 1.085 1.038 1|05 0311] 1.0388
N-120 | 1.0353| 1.0271 1.007 1.028 1.082 1.019 1.033 1|04 .032¥
N-150 | 1.0296| 1.0234 1.028 1.023 1.030 1.0R3 1.029 1|04 0151] 1.0246
N-200 | 1.0308| 1.0237 1.00Z 1.020 1.030 1.027 1.027 1]04 0161] 1.0251
N-250 | 1.0358| 1.0265 1.025 1.020 1.038 1.0p8 1.039 1j03 0161] 1.0180
N-300 | 1.0440| 1.0357 1.013 1.026 1.040 1.084 1.041 1|04 0181] 1.0134
TK30-113: Relative standard uncertainty of the calbration coeffients in %
PTB | OMH | NMi BEV P":‘NRéA NPL | NIST | STUK '\,i\ll\g%/ INER
N-30 0.35 0.52 0.74 0.50 1.2 0.8 0.38 1.50 0.36 0.44
N-40 0.35 0.41 0.70 0.45 1.1 1.0 0.38 1.50 0.40 0.44
N-60 0.35 0.38 0.70 0.45 0.9 1.0 0.38 1.23 0.37 0.33
N-80 0.35 0.41 0.70 0.40 1.1 1.0 0.40 1.23 0.38 0.44
N-100 0.35 0.40 0.70 0.40 1.9 1.0 0.40 1.23 0.39 0.58
N-120 0.35 0.44 0.70 0.40 14 1.0 0.40 1.23 0.54
N-150 0.35 0.41 0.70 0.40 0.5 1.0 0.37 1.23 0.40 0.25
N-200 0.35 0.39 0.70 0.40 0.6 1.0 0.38 1.23 0.42 0.38
N-250 0.35 0.44 1.29 0.40 0.8 1.0 0.39 1.23 0.44 0.7
N-300 0.35 0.48 1.29 0.50 0.5 1.0 0.38 1.23 0.43 0.R7
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Table B2.Calibration coefficients in units of @y/C and relative standard uncertainties
given by the participants for the transfer chamii€80-113+0.1 mm Cu.

TK30-113+0.1 mm Cu: Calibration coeffients in unitsof 10° Gy/C

PTB | OMH | NMi BEV PQNR'SA NPL | NIST | STUK 'X'Ivg%/ INER
N-30 6.392 | 6.556| 6.989 6.708 7541 6.3Y6 6.226 6,71 96.95.7040
N-40 2.2546| 2.3037 2.343 2.286 2.462 2.243 2.29 47.19
N-60 1.3727| 1.3667 1.391 1.396 1.372 1.363 1.41 1.8343571
N-80 1.1674| 1.1591 1.168 1.164 1.180 1.160 1.07 on15
N-100 | 1.0983| 1.0869 1.097 1.090 1.087 1.083 1.087 1/10 0841) 1.0955
N-120 | 1.0637| 1.0574 1.036 1.058 1.084 1.067 1.07 3r.05
N-150 | 1.0485| 1.0416 1.047 1.040 1.080 1.047 1.06 .04
N-200 | 1.0379| 1.0318 1.00¢9 1.028 1.037 1.020 1.034 1|04 0231] 1.0324
N-250 | 1.0397| 1.0302 1.03( 1.025 1.041 1.045 1.04 0u.03
N-300 | 1.0460| 1.0401 1.015 1.028 1.072 1.087 1.044 1|05 0331] 1.0251

TK30-113+Cu: Relative standard uncertainty of the alibration coeffients in %

PTB | OMH | NMi BEV PQNR'SA NPL | NIST | STUK 'X'Ivg%/ INER
N-30 0.35 0.56 0.74 0.41 1.2 0.8 0.38 1.50 0.36 0.47
N-40 0.35 0.40 0.70 0.35 1.2 0.38 1.50 0.47
N-60 0.35 0.38 0.70 0.35 0.9 0.33 1.238 0.37 0.66
N-80 0.35 0.41 0.70 0.30 1.1 0.33 1.238 0.40
N-100 0.35 0.41 0.70 0.30 1.9 1.0 0.39 1.23 0.39 1.02
N-120 0.35 0.49 0.70 0.30 14 0.39 1.238 0.17
N-150 0.35 0.44 0.70 0.30 0.5 0.37 1.28 0.25
N-200 0.35 0.41 0.70 0.30 0.6 1.0 0.38 1.23 0.42 0.8
N-250 0.35 0.44 1.29 0.30 0.8 0.39 1.28 0.32
N-300 0.35 0.47 1.29 0.30 0.6 1.0 0.38 1.23 0.43 0.39
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Table B3. Calibration coefficients and relative standardeartainties given by the
participants for the transfer chamber LS01-111.

LS01-111:  Calibration coeffients in units of 16 Gy/C
PTB | OMH | NMi BEV PQNR'SA NPL | NIST | STUK 'X'Ivg%/ INER
N-30 2.830 | 2.865| 2.797 2.851 2.897 2817 2.822 288 72.82.8060
N-40 2542 | 2516| 2480 2528 2594 2547 2.506 2,56 5250
N-60 2454 | 2.430| 2427 2437 2489 2441 2415 250 8.42.4311
N-80 2471 | 2437 2444 2468 2516 2472 2.462 249 4862
N-100 2502 | 2.451| 2450 2488 2535 2488 2.482 252 3248.5172
N-120 2510 | 2.470| 2443 2483 2483 2.488 2.499 251 5028
N-150 2496 | 2.466| 2459 2482 2490 2479 2470 251 4912
N-200 2503 | 2471 2452 2482 2502 2481 2.485 250 92.42.4999
N-250 2527 | 2477 2469 2492 2534 2503 2513 251 4882
N-300 2546 | 2518| 249 2504 2.603 2527 2537 2,53 62.42.4988
LS01-111: Relative standard uncertainty of the caliration coeffients in %
PTB | OMH | NMi BEV PQNR'SA NPL | NIST | STUK 'X'Ivg%/ INER
N-30 0.45 0.56 0.77 0.75 14 0.8 0.3y 1.50 0.40 0.56
N-40 0.45 0.40 0.72 0.75 1.8 0.9 0.38 1.50 0.56
N-60 0.45 0.38 0.72 0.75 1.2 0.9 0.38 1.23 0.41 0.33
N-80 0.45 0.41 0.72 0.75 0.9 0.9 0.38 1.23 0.80
N-100 0.45 0.41 0.72 0.75 1.2 0.9 0.3y 1.23 0.51 0.46
N-120 0.45 0.49 0.72 0.75 1.7 0.9 0.40 1.23 0.40
N-150 0.45 0.44 0.72 0.75 0.7 0.9 0.38 1.23 0.29
N-200 0.45 0.41 0.72 0.75 0.8 0.9 0.38 1.23 0.43 0.29
N-250 0.45 0.44 1.31 0.75 1.0 0.9 0.38 1.23 0.27
N-300 0.45 0.47 1.31 0.75 1.3 0.9 0.39 1.23 0.49 0.31
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Table B4. Calibration coefficients and relative standardeartainties given by the
participants for the transfer chamber LS10-113.

LS10-113:  Calibration coeffients in units of 16 Gy/C

PTB | OMH | NMi BEV P":‘NRéA NPL | NIST | STUK 'X'Ivg%/ INER
N-30 3.346 * 3.328 3.38 3.473 - 3.32p 341 3.386  3.301
N-40 2975 | 2.951| 2.897 2.96 3.0383 2966 2.925 2.98 52.93
N-60 2.836 | 2.830| 2.830 2.83 2902 2.798 2.799 2.86 2.r8.817
N-80 2.860 | 2.829| 2.843 2.86 2939 2846 2.814 2.84 4285
N-100 2916 | 2.862| 2.883 2.89 2960 2903 2.883 2.90 2.837917
N-120 2.947 | 2.915| 2.890 2.91 2915 2931 2.904 291 2.95
N-150 2.933 | 2.913| 2.914 2.92 2929 2922 2.863 2.92 12.93
N-200 2952 | 2.932| 2919 2.92 2980 2.953 2.896 2.92 2.882983
N-250 2.982 | 2.928| 2.941 2.94 3.000 2976 2.970 2.95 6394
N-300 2991 | 2977 2.981 2.95 3.101 3.007 3.162 2.99 2.048952

LS10-113: Relative standard uncertainty of the caliration coeffients in %

PTB | OMH | NMi BEV P":‘NRéA NPL | NIST | STUK 'X'Ivg%/ INER
N-30 0.53 0.77 0.9 14 0.40 1.5( 0.41 0.61
N-40 0.53 0.46 0.72 0.9 1.8 0.9 0.39 1.50 0.61
N-60 0.53 0.44 0.72 0.9 1.2 0.9 0.40 1.23 0.41 0.44
N-80 0.53 0.43 0.72 0.9 0.8 0.9 0.43 1.23 0.31
N-100 0.53 0.46 0.72 0.9 1.1 0.9 0.49 1.23 0.51 0.47
N-120 0.53 0.46 0.72 0.9 1.7 0.9 0.4Y 1.23 0.29
N-150 0.53 0.44 0.72 0.9 0.7 0.9 0.40 1.23 0.31
N-200 0.53 0.45 0.72 0.9 0.7 0.9 0.46 1.23 0.44 0.87
N-250 0.53 0.46 1.31 0.9 1.0 0.9 0.42 1.23 0.30
N-300 0.53 0.53 1.31 0.9 1.3 0.9 0.48 1.23 0.49 0.33
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Figure B1. TK30 calibration coefficients of all participants a function of the tube voltage.
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APPENDIX D: Tables of the SCRV and the degrees ofjeivalence with SCRV based on
the results obtained with the LS01 and LS10 tranfechamber

Table D1. Comparison reference valueg,and relative uncertaintieg(x), of each quality,
which is the median of the participant’s calibratmpefficients in units of Gy/C,
based on the results obtained with the LS01 chamber

Qual. SCRV, ulx) / %
N-30 2.8286E+04 0.26
N-40 2.5318E+04 0.36
N-60 2.4326E+04 0.26
N-80 2.4685E+04 0.31
N-100 2.4836E+04 0.35
N-120 2.4900E+04 0.38
N-150 2.4805E+04 0.31
N-200 2.4825E+04 0.31
N-250 2.5096E+04 0.35
N-300 2.5189E+04 0.38

Table D2. Ratiosxi/x; at each of the radiation qualities based on tkhelt®obtained with the
LSO1 chamber

AR- NMIJ

Qual. PTB OMH NMi BEV PANSA NPL NIST  STUK IAIST INER
N-30 1.0004 1.0129 0.9888 1.0079 1.0243 0.9959 707.991.0188 0.9995 0.9920
N-40 1.0039 0.9938 0.9795 0.9985 1.0245 1.0060 90.981.0121 0.9973
N-60 1.0090 0.9989 0.9977 1.0018 1.0233 1.0034 27.991.0286 0.9941 0.9994
N-80 1.0011 0.9872 0.9901 0.9998 1.0191 1.0014 73.991.0094 1.0073
N-100 1.0074 0.9869 0.9865 0.9998 1.0208 1.0018 0.999®14Y. 0.9916 1.0135
N-120 1.0081 0.9920 0.9811 0.9972 0.9972 0.9992 1.0034€100. 1.0051
N-150 1.0062 0.9941 0.9913 1.0006 1.0037 0.9994 0.9958126. 1.0042
N-200 1.0082 0.9954 0.9877 0.9998 1.0077 0.9994 1.000®066. 0.9866 1.0070
N-250 1.0068 0.9870 0.9838 0.9930 1.0096 0.9974 1.0014€99Q. 0.9915

N-300 1.0108 0.9996 0.9909 0.9941 1.0335 1.0032 1.007®05B. 0.9869 0.9920
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Table D3. DifferencesD; and their expandedt € 2) uncertaintiet); expressed in parts of
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10%, and the rati®; / U; of each participant. Ratid3 / U; > 1 characterize discrepancies and
are printed in bold letters. Results obtainedéf t#$01 chamber is used as transfer standard.
Some 10 out of 95 results are inconsistent.

Qual. PTB OMH NMi BEV P::I\RléA NPL NIST | STUK /l:la\ll\/g:]r INER
N-30 D; 0.4 12.9 -11.2 7.9 24.3 -4.1 -2.3 18.8 -0 -8,0
Ui 8.4 12.3 15.5 15.0 28.3 14.4 7.8 30/4 7, 11.7
Di/ Ui 0.0 1.0 0.7 0.5 0.9 0.3 0.3 0.4 0.] 0.7
N-40 D; 3.9 -6.2 -20.5 -1.5 24.5 6.0 -10.3 1211 -2|7
Ui 9.3 9.7 15.8 12.4 36.2 16.3 10.3 309 13.3
D/ U, 0.4 0.6 13 0.1 0.7 0.4 1.0 0.4 0.2
N-60 Di 9.0 -1.1 -2.3 1.8 23.3 3.4 -71.2 28.6 -5. -0|6
Ui 10.2 7.6 13.4 14.0 25.9 17.] 8.8 25/1 9, 6,9
Di/ Ui 0.9 0.1 0.2 0.1 0.9 0.2 08 11 0.6 0.1
N-80 Di 11 -12.8 -9.9 -0.2 19.1 1.4 -2.6 9.4 7.8
Ui 8.6 10.2 14.6 13.1 18.7 16.( 8.2 254 8/6
Di/ Ui 0.1 1.2 0.7 0.0 1.0 0.1 0.3 0.4 0.8
N-100 Di 7.4 -13.1| -13.5 -0.2 20.9 1.8 -0.% 147 -8 135
Ui 10.8 10.7 15.4 131 24.0 16.] 8.0 25(6 11.7 11.6
Di/ Ui 0.7 1.2 0.9 0.0 0.9 0.1 0.1 0.6 0.7, 1.2
N-120 Di 8.1 -8.0 -18.9 -2.8 -2.8 -0.8 3.4 10.p 5.0
Ui 11.2 115 15.9 135 30.9 15. 9.5 25(7 111
D/ U, 0.7 0.7 1.2 0.2 0.1 0.1 0.4 0.4 0.5
N-150 Di 6.2 -5.9 -8.7 0.6 3.7 -0.6 -4.2 12.6 4.2
Ui 10.0 9.8 14.4 13.4 13.6 16.] 8.1 254 8/5
Di/ Ui 0.6 0.6 0.6 0.0 0.3 0.0 0.5 0.5 0.5
N-200 Di 8.2 -4.6 -12.3 -0.2 7.7 -0.6 0.8 6.6 -13| 7.0
Ui 10.6 9.1 15.1 13.5 15.2 16.1 7.8 254 10.4 8.3
Di/ Ui 0.8 0.5 0.8 0.0 0.5 0.0 0.1 03 13 0.8
N-250 Di 6.8 -13.0| -16.2 -7.0 9.5 -2.6 1.4 -0.8 -8.5
Ui 10.5 10.9 25.2 14.3 18.9 154 8.2 25(6 8|8
Di/ Ui 0.7 1.2 0.6 0.5 0.5 0.2 0.2 0.0 1.0
N-300 Di 10.8 -0.4 9.1 -5.9 33.5 3.2 7.3 5.3 -13. -8,0
Ui 11.7 9.1 24.4 14.5 28.5 16.1 104 2617 12.2 9.6
Di/ Ui 0.9 0.0 0.4 0.4 1.2 0.2 0.7 0.2 11 0.8
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Table D4. Comparison reference valueg,and relative uncertainties(x), of each quality,
which is the median of the participant’s calibratmpefficients in units of Gy/C,
based on the results obtained with the LS10 chamber

Qual. SCRV, u(x) / %
N-30 3.3496E+03 0.42
N-40 2.9617E+03 0.39
N-60 2.8211E+03 0.31
N-80 2.8534E+03 0.38
N-100 2.8932E+03 0.38
N-120 2.9202E+03 0.37
N-150 2.9217E+03 0.33
N-200 2.9349E+03 0.37
N-250 2.9714E+03 0.35
N-300 2.9827E+03 0.42

Table D5. Ratiosx/x; at each of the radiation qualities based on thelt®obtained with the

LS10 chamber

Qual. PTB OMH NMi BEV P:ﬁéA NPL NIST STUK /NA'?gI:]I' INER
N-30 0.9990 0.9936 1.0091 1.0367 0.9919 1.0178 0.99599854
N-40 1.0044 0.9964 0.9782 0.9994 1.0242 1.0015 0.98760077. 0.9911
N-60 1.0052 1.0032 1.0032 1.0032 1.0286 0.9918 0.99230149. 0.9857 0.9985
N-80 1.0021 0.9915 0.9964 1.0023 1.0301 0.9974 0.98639964. 1.0003
N-100 1.0080 0.9892 0.9965 0.9989 1.0231 1.0034 0.99630028. 0.9806 1.0081
N-120 1.0091 0.9982 0.9897 0.9965 0.9982 1.0037 0.9943996G. 1.0102
N-150 1.0040 0.9970 0.9974 0.9994 1.0025 1.0001 0.97980001. 1.0032
N-200 1.0057 0.9990 0.9946 0.9949 1.0154 1.0062 0.98689948. 0.9819 1.0165
N-250 1.0034 0.9854 0.9898 0.9894 1.0126 1.0015 0.99969930. 0.9913
N-300 1.0029 0.9981 0.9994 0.9891 1.0397 1.0082 1.0603001F. 0.9873 0.9896
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Table D6. DifferencesD; and their expandedt € 2) uncertaintiet); expressed in parts of
10%, and the rati®; / U; of each participant. Ratid3 / U; > 1 characterize discrepancies and
are printed in bold letters. Results obtainedéf t#$10 chamber is used as transfer standard.
Some 15 out of 93 results are inconsistent.

Qual. PTB OMH NMi BEV P::I\RléA NPL NIST | STUK /l:la\ll\/g:]r INER
N-30 D; -1.0 -6.4 9.1 36.7 -8.1 17.§ -4.1 -14/6
Ui 8.2 14.4 17.8 29.6 11.2 31.2 11.8 14.7
Di/ Ui 0.1 0.4 0.5 1.2 0.7 0.6 0.3 1.0
N-40 D; 4.4 -3.6 -21.8 -0.6 24.2 15 -12.4 7.9 -89
Ui 11.0 10.0 16.1 15.5 36.0 15.6 10,9 31,0 14.4
D/ U, 0.4 0.4 14 0.0 0.7 0.1 11 0.2 0.6
N-60 Di 5.2 3.2 3.2 3.2 28.6 -8.2 =71 14.9 -14.3 -115
Ui 111 9.3 135 16.7 25.8 17.% 9.8 254 10.2 8.9
Di/ Ui 0.5 0.3 0.2 0.2 11 0.5 0.8 0.6 14 0.2
N-80 D; 2.1 -8.5 -3.6 2.3 30.1 -2.6 -13.)7 -3.6 0.4
Ui 10.3 10.9 13.3 15.9 19.0 15.8 114 25\7 9(9
Di/ Ui 0.2 0.8 0.3 0.1 1.6 0.2 1.2 0.1 0.0
N-100 Di 8.0 -10.8 -3.5 -1.1 23.1 3.4 -3.7 2.8 -19.4 81
Ui 12.4 11.6 13.6 16.0 24.0 16.6 10.5 25\7 12.6 11.6
Di/ Ui 0.6 0.9 0.3 0.1 1.0 0.2 0.3 0.3 15 0.7
N-120 Di 9.1 -1.8 -10.3 -3.5 -1.8 3.7 -5.7 3.7 10,2
Ui 12.2 9.7 15.1 16.4 30.8 16.6 10.)7 25(7 9|5
Di/ Ui 0.7 0.2 0.7 0.2 0.1 0.2 0.5 0.1 11
N-150 Di 4.0 -3.0 -2.6 -0.6 2.5 0.1 -20.2 0.1 3.2
Ui 10.8 9.3 13.4 16.5 13.6 16.4 100 25(5 9|0
Di/ Ui 0.4 0.3 0.2 0.0 0.2 0.0| 20 0.0 0.4
N-200 Di 5.7 -1.0 5.4 5.1 154 6.2 -13.2 -5.¥ -18.1 16.5
Ui 115 8.8 13.9 16.5 16.4 17.1 116 257 11.4 10.6
Di/ Ui 0.5 0.1 0.4 0.3 0.9 04| 11 0.2 1.6 1.6
N-250 Di 3.4 -146 | -10.2| -10.6 12.6 15 -0.4 -7.0 -8(7
Ui 10.5 115 24.5 17.7 194 15.] 8.7 25(6 913
D/ U, 0.3 13 0.4 0.6 0.7 0.1 0.0 0.3 0.9
N-300 D; 2.9 -1.9 -0.6 -10.9 39.7 8.2 60.3 1. -12.7 -10.4
Ui 10.9 10.5 23.4 18.3 28.4 17.8 123 26|0 12.6 10.5
Di/ Ui 0.3 1.0 0.0 0.6 1.4 0.5 4.9 0.1 1.0 1.0
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APPENDIX E: Graphs of the DoE with SCRV based on TK0, LS01 and LS10
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