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Summary of the BIPM.RI(I)-K4 comparison for
absorbed dose to water in 60Co gamma radiation

P. J. Allisy-Roberts and D. T. Burns
Bureau International des Poids et Mesures,
Pavillon de Breteuil, 92312 Sèvres Cedex

Abstract

International comparisons of absorbed dose have been made at the Bureau
International des Poids et Mesures (BIPM) since 1988. Thirteen national
metrology institutes have taken part, some of which have repeated the
comparison over the years. The key comparison reference value (KCRV) is
taken as unity, each comparison result being the ratio of the national metrology
institute's (NMI) evaluation to that of the BIPM's stable standard. The degrees
of equivalence between each NMI and the KCRV, and between each pair of
NMIs, are given in the form of a matrix, using the most recent result for each
of eleven NMIs. A graphical presentation is also given.

The results of this comparison, identified as BIPM.RI(I)-K4, have been
approved by Section I of the Consultative Committee for Ionizing Radiation
(CCRI(I)).

1. Introduction

National primary standards of absorbed dose to water in 60Co gamma radiation are compared
at the BIPM against the BIPM primary standard in a continuous programme that started in
1988. There are now thirteen absorbed dose to water standards that have been compared and
all except one of the standards have been compared within the last ten years, which is the
comparison frequency agreed by the CCRI(I) [1]. The acronyms and details of the NMIs are
given in Table 1.

The results of these comparisons form the basis for degrees of equivalence [2] entered in the
key comparison database (KCDB) for BIPM.RI(I)-K4 held on the BIPM/MRA web site. It
was agreed at the CCRI(I) meeting in 1999 that the key comparison reference value would be
unity, each comparison result being the ratio of the NMI evaluation to the BIPM evaluation of
absorbed dose to water in the same reference conditions at the BIPM.

2. National standards

The national primary standards for the determination of absorbed dose to water in 60Co are
almost exclusively based on calorimetry, the exception being the PTB in which case a Fricke
chemical method was used [3]. This comparison will be updated in 2005 using their new
determination of absorbed dose that is based on calorimetry.

If the absorbed dose to graphite is determined using a graphite calorimeter, the conversion
from absorbed dose to graphite to absorbed dose to water is obtained either by calculation
using the photon-fluence scaling theorem or by using cavity theory applied to a graphite-
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Table 1  Details of the participants in the key comparison BIPM.RI(I)-K4

NMI
acronym

Full name Country Regional metrology
organization

Most recent
year of
comparison

PTB Physikalisch-
Technische
Bundesanstalt

Germany EUROMET 1989*

BNM-
LNHB

Bureau National de
Métrologie -
Laboratoire National
Henri Becquerel

France EUROMET   1993**

ENEA Ente per le Nuove
Technologie, l'Energia
e l'Ambiente

Italy EUROMET 1994

BEV Bundesamt für Eich-
und Vermessungswesen

Austria EUROMET 1994

ARPANSA Australian Radiation
Protection and Nuclear
Safety Agency

Australia APMP 1997

NIST National Institute of
Standards and
Technology

USA SIM  1997

NPL National Physical
Laboratory

UK EUROMET      1997***

NRC National Research
Council Canada

Canada SIM  1998

LSDG$ Laboratorium voor
Standaarddosimetrie,
Gent

Belgium EUROMET  1999

NMi Nederlands
Meetinstituut

Netherlands EUROMET 2000

METAS Swiss Federal Office of
Metrology and
Accreditation

Switzerland EUROMET 2000

VNIIFTRI Institute for Physical-
Technical and
Radiotechnical
Measurements,
Gosstandart of Russia

Russian
Federation

COOMET 2001

OMH Országos Mérésügyi
Hivatal/ National Office
of Measures

Hungary EUROMET 2001

*     A new comparison is scheduled for 2005
**   A new comparison was made in 2003 but is not yet published
*** Not yet published. $Not yet the designated institute for Belgium.
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walled ionization chamber. Alternatively, the absorbed dose to water is determined directly
using a water calorimeter, usually based on the Domen type. The fact that several standards
are based on similar methods results in correlations in the uncertainties that need to be taken
into account when determining the degrees of equivalence between the NMI standards.

The transfer of the primary realization to the ionization chambers that are commonly used as
transfer standards is undertaken by each NMI and has an associated uncertainty. Indeed each
recent comparison with the BIPM has been made indirectly through the use of the NMIs'
transfer standards.

3      Data from each national metrology institute

When a comparison is undertaken at the BIPM, both the NMI and the BIPM measure the
absorbed dose rate to water using their own standard. The BIPM value using the primary
standard is wD& , BIPM and the NMI's best estimate of absorbed dose at the BIPM, wD& ,NMI-BIPM

is made using their transfer standard, calibrated as NDw,NMI against their primary standard at
the NMI. Hence

BIPMNMIw,BIPM-NMIw,  IND D ×=& (1)

where IBIPM is the ionization current measured by the NMI transfer chamber in the BIPM
beam. The ratio of the absorbed dose rate measured by the NMI at the BIPM and that
measured by the BIPM is

BIPMw,

NMIw,

BIPMw,

BIPMNMIw,

BIPMw,

BIPM-NMIw,

D

DD

N
N

D
IN

D
D

=
×

= &&

&
(2)

Each comparison result using a transfer standard is then expressed as

BIPMw,NMIw,NMI DD NNR =  (3)

The most recent comparison result, RNMI, for each laboratory is listed in Table 2, together with
the reported comparison uncertainty, u'R,NMI. One of the standards has not been compared for
more than 10 years (PTB) but the CCRI(I) agreed in 2003 that this comparison result should
still be included in the KCDB as long as the PTB detailed uncertainty budget is given (see
Appendix 1), as this was not published in the report of the comparison. The result of the
BNM-LNHB will be updated as soon as their more recent comparison is published. The result
of the NPL will be included once their uncertainty budget is submitted and the report of their
comparison is published. The result of the LSDG will be included in the KCDB once this
laboratory is designated for this purpose by the Belgian authorities.

The relative combined standard uncertainty associated with a determination of absorbed dose
to water at an NMI is designated uDw,NMI. The relative combined standard uncertainty uR,NMI of
each comparison result RNMI  takes into account the standard uncertainty uc,NMI of NDw,NMI
(derived from the uncertainty budget supplied by the NMI as given in the corresponding
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Table 2     Data set for BIPM key comparisons of absorbed dose to water

NMI Year uDw,NMI RNMI u'R,NMI uR,NMI Primary
standard

Ref.

in relative value
PTB 1990 0.0076 0.9934 0.0086 0.0081 Fricke solution [4]
BNM-LNHB 1993 0.0034 0.9988 0.0039 0.0040 graphite calorimeter [5]
ENEA 1994 0.0044 0.9969 0.0050 0.0049 graphite calorimeter [6]
BEV 1994 0.0037 0.9990 0.0042 0.0043 graphite calorimeter [7]
ARPANSA 1997 0.0020 1.0024 0.0029 0.0030 graphite calorimeter [8]
NIST 1997 0.0035 0.9984 0.0051 0.0051 water calorimeter [9, 10]
NRC 1998 0.0041 0.9976 0.0052 0.0051 water calorimeter [11]
LSDG 1999 0.0066 0.9948 0.0075 0.0074 water calorimeter [12]
NMi 2000 0.0040 0.9962 0.0038 0.0039 graphite calorimeter [13]
METAS 2000 0.0041 0.9999 0.0054 0.0054 water calorimeter [14]
VNIIFTRI 2000 0.0040 0.9967 0.0043 0.0043 graphite calorimeter [15]
OMH 2001 0.0048 0.9983 0.0049 0.0049 graphite calorimeter [16]

reference, see also Tables 3 and 4) and the standard uncertainty uc,BIPM of NDw,BIPM (see
Appendix 2) as well as correlations between the measurement methods, as follows.

As the BIPM absorbed dose to water is measured ionometrically, there are few correlations
between the NMI and the BIPM uncertainty budgets. Indeed the only significant correlations
arise from the common use of data relating to mass energy absorption coefficients and the
ratios of absorbed dose to the collision part of the kerma (β), for those NMIs using graphite
calorimetry. The uncertainties are not necessarily fully correlated and this is taken into
account by applying an approximate factor, fk, as indicated in the tables. Thus, the relative
standard uncertainty uR,NMI for a comparison of a given NMI with the BIPM is given by

( ) ( )2
BIPMcorr,

2
NMIcorr,

2
BIPMc,

2
NMIc,

2
NMI, ∑−∑−+= kkkkR ufufuuu (4)

where all the standard uncertainties are expressed as relative values.

The numerical values for uR,NMI using this consistent approach are listed in Table 2 and are
those used for the KCDB entries. It is of interest to note that they are not significantly
different from the original published values u'R,NMI for which the correlation coefficients were
not always stated. The correlated parts of the uncertainty budgets for the NMIs with graphite
calorimeters and water calorimeters are given in Tables 3 and 4 respectively.

In Tables 3 and 4, uDw,NMI  is the combined standard uncertainty of the NMI primary standard
(all components being included), utransfer is the combined standard uncertainty associated with
the transfer standard and uc,NMI is the combined standard uncertainty for an absorbed dose to
water calibration by the NMI; all uncertainties being in relative value.

In Table 3, the uncertainty in the calculation of the correction for graphite calorimeter gaps,
kgap is taken to have some correlated component as shown.
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Table 3 Correlated components in the uncertainty budgets for absorbed dose to water
from graphite calorimetry primary standards, standard uncertainties per 103

NMI kgap ( ) cw,en ρµ (β)w,c uDw,NMI utransfer uc,NMI ( )2
NMIcorr,∑ kkuf

BNM-LNHB 0.8 1.5 0.6 3.4 3.4 1.5
ENEA – 2.0 1.0 4.4 1.5 4.6 2.0
BEV 1.5 1.0 1.0 3.7 3.7 1.4
ARPANSA 0.4 1.4 0.1 2.0 0.6 2.1 1.3
NMi 0.7 3.0 0.6 4.0 0.9 4.1 2.9
VNIIFTRI 1.0 2.9 0.5 4.0 1.8 4.3 2.8
OMH 0.8 3.0 0.6 4.8 1.1 5.0 2.9

fk,BIPM – 0.95 0.7
fk,NMI 0.5 0.95 0.7

Table 4 Correlated components in the uncertainty budgets for water calorimetry
primary standards, standard uncertainties per 103

NMI kc ksc or kp kdd h uDw,NMI utransfer uc,NMI ( )2
NMIcorr,∑ kkuf

NIST 1.0 3.0 3.5 2.2 4.2 2.1
NRC 1.5 0.5 0.1 3.0 4.1 2.1 4.2 2.1
LSDG 2.5 0.4 0.1 5.0 6.6 3.5 6.8 3.5
METAS 1.5 0.5 0.2 3.0 4.1 2.1 4.5 2.1

fk,NMI - - - 0.7

In Table 4, kc is the heat flow correction factor, ksc (also referred to as kp) is the scatter
correction factor or field perturbation, kdd is the lateral dose distribution and h is the
chemical heat defect; the uncertainty components and uncertainties are given in relative
value. The values of kc and kp for the METAS are the same as for the NRC [17] so a
correlation coefficient of 1.0 has been taken for these uncertainties in the pair-wise matrix in
Table 6.

4.     The key comparison reference value

As agreed at the CCRI(I) meeting in 1999, the key comparison reference value, Rref is taken to
be unity as the BIPM standard is common to all comparisons and is stable with time. The
relative standard uncertainty of the distribution of absorbed dose to water measurements at the
BIPM is about 4 10–4 although the measurements have shown a small drift over the last
15 years. Repeat calibrations of the BIPM transfer standard type NE 2571 show a relative
standard uncertainty of the distribution of the calibration coefficients of 3 10–4

 over several
years.

As a consequence of this choice of Rref , the degree of equivalence between each NMI and
the key comparison reference value remains constant between their comparisons and the
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degree of equivalence between any two NMIs is not affected by the reference value.
Comparison results can be added to the database as soon as they are approved and
published.

5. Expression of the degree of equivalence

The degree of equivalence of a given measurement standard is the degree to which this
standard is consistent with the key comparison reference value [2]. The degree of
equivalence is expressed quantitatively in terms of the deviation of the comparison result
from the key comparison reference value and the expanded uncertainty of this deviation
(k = 2).

The degree of equivalence between any pair of national measurement standards is
expressed in terms of the difference in the two comparison results and the expanded
uncertainty of this difference; consequently, it is independent of the choice of key
comparison reference value.

Comparison of a given NMI with Rref  = 1

The degree of equivalence of a particular NMI, i, with the key comparison reference
value is expressed as the difference

 1NMINMI −= RD (5)

and the expanded uncertainty (k = 2) of this difference, NMIU , known as the equivalence
uncertainty. It follows that

NMI,NMI 2 RuU = . (6)

Table 5 gives the values for DNMI and UNMI for each NMI taken from Table 2 using (5)
and (6) and forms the basis of the entries in MRA Appendix B. These data are presented
graphically in Figure 1.

Table 5  Degrees of equivalence of each NMI's measurement standard

NMI Year uDw,NMI × 10–3 DNMI × 10–3 UNMI × 10–3

PTB 1990 7.6 -6.6 16.2
BNM-LNHB 1993 3.4 -1.2 8.0
ENEA 1994 4.4 -3.1 9.8
BEV 1994 3.7 -1.0 8.6
ARPANSA 1997 2.0 2.4 6.0
NIST 1997 3.5 -1.6 10.2
NRC 1998 4.1 -2.4 10.2
LSDG 1999 6.6 -5.2 14.8
NMi 2000 4.0 -3.8 7.8
METAS 2000 4.1 -0.1 10.8
VNIIFTRI 2000 4.0 -3.3 8.6
OMH 2001 4.8 -1.7 9.6
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Comparison of any two NMIs with each other

The degree of equivalence, Dij, between any pair of NMIs, i and j, is expressed as the
difference

 jijiij RRDDD −=−= (7)

and the expanded uncertainty (k = 2) of this difference, Uij = 2 uij, where
( ) ( )∑∑ −−+=

k
jkk

k
ikkjcicij ufufuuu 2

corr,
2

corr,
2

,
2

,
2 . (8)

The matrix of degrees of equivalence takes into account the correlations between each
pair of NMIs and is given in Table 6 in the form as it appears in the KCDB.

6.         Comments on future comparisons

The CCRI(I) has agreed that comparisons should be repeated at least every ten years and new
comparison results added to the database as soon as they are approved. Each NMI's results are
published in a report of the comparison, which includes an update of the matrix of degrees of
equivalence and the corresponding graphical presentation as they will appear in the KCDB.
This report is sent to the CCRI(I) for approval once the participant and the CCRI(I) Key
Comparison Working Group (KCWG) have agreed on the result.

An updated summary of the results is presented to each CCRI(I) meeting. Scientific decisions
to remove results from the KCDB are only made at the CCRI(I).

If an NMI makes a bilateral comparison for this quantity, the results can be included in the
database with the approval of the KCWG. Such approval requires that the comparison is
declared in advance and that at least one of the NMIs already has a BIPM comparison result.

7.         Conclusion

The BIPM ongoing key comparison for absorbed dose to water, BIPM.RI(I)-K4, currently
comprises twelve results. These have been analysed with respect to the KCRV of unity and
with respect to each other. The matrix of degrees of equivalence has been approved by the
CCRI(I) and is published in the BIPM key comparison database for eleven laboratories.
Results may be updated and other results may be added as and when other NMIs make
absorbed dose to water comparisons at the BIPM.
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Table 6 Introductory text and degrees of equivalence for absorbed dose to water

Key comparison BIPM.RI(I)-K4

MEASURAND : Absorbed dose to water relative to the BIPM evaluation

Key comparison reference value:  x R is taken as unity

The degree of equivalence of each laboratory i  with respect to the reference value is given by a pair of terms:
D i  = (x i  - 1) and U i , its expanded uncertainty (k  = 2), both dimensionless, where
U i  = 2u i .

The degree of equivalence between two laboratories is given by a pair of terms:
D ij  = D i  - D j  = (x i  - x j ) and U ij , its expanded uncertainty (k  = 2), both dimensionless.
In evaluating U ij  = 2u ij  for the table below account is taken of correlations between u i  and u j 
(see Section 5 of the Final report).

Lab j

Lab i
D i U i D ij U ij D ij U ij D ij U ij D ij U ij D ij U ij D ij U ij

PTB -6.6 16.2 -5.4 16.7 -3.5 17.8 -5.6 16.9 -9.0 15.8 -5.0 17.4
BNM-LNHB -1.2 8.0 5.4 16.7 1.9 10.2 -0.2 9.1 -3.6 6.9 0.4 10.8
ENEA -3.1 9.8 3.5 17.8 -1.9 10.2 -2.1 10.7 -5.5 8.9 -1.5 12.5
BEV -1.0 8.6 5.6 16.9 0.2 9.1 2.1 10.7 -3.4 7.6 0.6 11.2
ARPANSA 2.4 6.0 9.0 15.8 3.6 6.9 5.5 8.9 3.4 7.6 4.0 9.4
NIST -1.6 10.2 5.0 17.4 -0.4 10.8 1.5 12.5 -0.6 11.2 -4.0 9.4
NRC -2.4 10.2 4.2 17.4 -1.2 10.8 0.7 12.5 -1.4 11.2 -4.8 9.4 -0.8 10.3
NMi -3.8 7.8 2.8 17.3 -2.6 8.4 -0.7 10.1 -2.8 9.0 -6.2 6.6 -2.2 11.7
METAS -0.1 10.8 6.5 17.7 1.1 11.3 3.0 12.9 0.9 11.7 -2.5 9.9 1.5 10.8
VNIIFTRI -3.3 8.6 3.3 17.7 -2.1 9.3 -0.2 10.8 -2.3 9.8 -5.7 7.7 -1.7 12.3
OMH -1.7 9.6 4.9 18.2 -0.5 10.1 1.4 11.6 -0.7 10.6 -4.1 8.7 -0.1 13.1

Lab j

Lab i
D i U i D ij U ij D ij U ij D ij U ij D ij U ij D ij U ij

PTB -6.6 16.2 -4.2 17.4 -2.8 17.3 -6.5 17.7 -3.3 17.7 -4.9 18.2
BNM-LNHB -1.2 8.0 1.2 10.8 2.6 8.4 -1.1 11.3 2.1 9.3 0.5 10.1
ENEA -3.1 9.8 -0.7 12.5 0.7 10.1 -3.0 12.9 0.2 10.8 -1.4 11.6
BEV -1.0 8.6 1.4 11.2 2.8 9.0 -0.9 11.7 2.3 9.8 0.7 10.6
ARPANSA 2.4 6.0 4.8 9.4 6.2 6.6 2.5 9.9 5.7 7.7 4.1 8.7
NIST -1.6 10.2 0.8 10.3 2.2 11.7 -1.5 10.8 1.7 12.3 0.1 13.1
NRC -2.4 10.2 1.4 11.7 -2.3 9.8 0.9 12.3 -0.7 13.1
NMi -3.8 7.8 -1.4 11.7 -3.7 12.2 -0.5 9.1 -2.1 10.0
METAS -0.1 10.8 2.3 9.8 3.7 12.2 3.2 12.7 1.6 13.5
VNIIFTRI -3.3 8.6 -0.9 12.3 0.5 9.1 -3.2 12.7 -1.6 10.7
OMH -1.7 9.6 0.7 13.1 2.1 10.0 -1.6 13.5 1.6 10.7

METAS VNIIFTRI OMH

/ 10-3 / 10-3 / 10-3 / 10-3

NRC

/ 10-3 / 10-3

NMi

ARPANSABEV NIST

/ 10-3 / 10-3 / 10-3/ 10-3

PTB BNM-LNHB ENEA

/ 10-3 / 10-3 / 10-3
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Figure 1.  Graph of the degrees of equivalence with the KCRV

The black squares indicate results more than ten years old that are in the process of being renewed.
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Appendix 1 Uncertainty budget for the PTB 1989 determination of absorbed
dose to water

Part 1. Determination of the energy imparted to the Fricke solution 

model equation: bebsE kkk
ef

nuCEW ⋅⋅⋅
⋅
⋅⋅

⋅= ∆

quantity sensitivity
coefficient

relative standard
uncertainty
× 100

comment

E 1.0 0.2 initial electron energy

C 1.0 0.1 effective capacitance of the Faraday cup integrator

u 1.0 0.05 voltage of the Faraday cup integrator per output signal of
the beam monitor

n 1.0 0.1 output signal of the beam monitor

f -1.0 0.1 charge collection efficiency of the Faraday cup integrator

e constant charge of the electron

Ek∆ 1.0 0.1 correction for energy losses in air gap and foils

bsk 1.0 0.05 correction for energy loss by backscatter of electrons

bek 1.0 0.15 correction for energy loss by bremsstrahlung escape

W 0.33 energy imparted to the solution

Part 2. Determination of the calibration factor of the solution

model equation: ( ) ( )000

1
TmTbL

F kkSm
WN

⋅⋅∆
⋅=

quantity sensitivity
coefficient

relative standard
uncertainty
× 100

comment

W 1.0 0.33 energy imparted to the solution

Lm -1.0 0.01 mass of the solution

0S∆ -1.0 0.2 change in the optical density of the solution

( )0Tbk -1.0 0.03 correction for temperature at irradiation

( )0Tmk -1.0 0.09 correction for temperature at measurement

FN 0.40 calibration factor of the solution



Final report for BIPM.RI(I)-K4 2005-02-08

12/14

Part 3. Calibration of a 60Co field as absorbed dose to water standard

model equation: ( ) ( ) ( ) reprowallGTmTb
B

Frefw kkkkk
t
SND ⋅⋅⋅⋅⋅

∆
⋅= 11

1

1
,

&

quantity sensitivity
coefficient

relative standard
uncertainty
× 100

comment

FN 1.0 0.4 calibration factor of the solution

1S∆ 1.0 0.2 change in the optical density of the solution

( )1Bt -1.0 0.01 duration of irradiation

( )1Tbk 1.0 0.03 correction for temperature at irradiation

( )1Tmk 1.0 0.09 correction for temperature at measurement

Gk 1.0 0.3 correction for difference of G -values

wallk 1.0 0.1 effect of dosemeter glass walls

reprok 1.0 0.08 reproducibility of reference conditions

refwD ,
& 0.56 absorbed dose rate to water

Part 4. Calibration of  new 60Co reference field with ionization chamber 

model equation: ( ) ( )
21

1

2
1,2, geomgeomrefwrefw kk

M
MDD ⋅⋅⋅= &&

quantity sensitivity
coefficient

relative standard
uncertainty
× 100

comment

1refwD ,
& 1.0 0.57 absorbed dose rate to water (old radiation source)

1M -1.0 0.1 reading of dosemeter (ionization chamber, old source)

2M 1.0 0.1 reading of dosemeter (ionization chamber, new source)

( )
1geomk 1.0 0.2 reproducibility of reference geometry (old radiation source) –

see below

( )
2geomk 1.0 0.2 reproducibility of reference geometry (new radiation source)

– see below

2refwD ,
& 0.66 absorbed dose rate to water (new radiation source)

remark: geomk  is composed of several factors (see overleaf)
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anghzFSSDgeom kkkkkk ⋅⋅⋅⋅=

quantity sensitivity
coefficient

relative standard
uncertainty
× 100

comment

SSDk 1 0.1 source-surface distance

Fk 1 0.1 field size

zk 1 0.12 depth in phantom

angk 1 0.07 angular orientation

geomk 0.2 correction for reproducibility of reference geometry

Part 5. Calibration of transfer ionization chamber

model equation:
repeatgeomps

m
t

refw
D kkkkkM

tD
N

⋅⋅⋅⋅⋅
⋅⋅

=
−

ρ

λe2,
&

quantity sensitivity
coefficient

relative standard
uncertainty
× 100

comment

2refwD ,
& 1 0.7 absorbed dose rate to water (new radiation source)

tλ−e 1 0.01 radioactive decay

mt 1 0.01 duration of measurement

M -1 0.05 electrometer reading

ρk -1 0.07 correction for air density

sk -1 0.1 recombination correction

pk -1 0.05 polarity effect

geomk -1 0.2 reproducibility of reference geometry

repeatk -1 0.2 repeatability over a longer period

DN 0.76 calibration factor
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Appendix 2. Physical constants, correction factors and relative standard
uncertainties for the BIPM ionometric standard of absorbed dose to water

Quantity BIPM value BIPM relative standard uncertainty(1)

 100 si 100 ui

Dry air density (2) / (kg m–3) 1.2930 – 0.01
W/e  / (J C–1) 33.97 –

ac,s 1.0030 – 0.11(3)

kcav  (air cavity) 0.9900 0.03 0.04

( ) cw,en ρµ 1.1125 0.01 0.14

Ψw,c  (photon fluence ratio) 1.0065 0.04 0.06
(1+ε)w,c  (dose to kerma ratio) 1.0015 – 0.06
kps   (PMMA(4) envelope) 0.9999 0.005 0.01
kpf   (phantom window) 0.9996 – 0.01
krn  (radial non-uniformity) 1.0051 0.005 0.03
ks   (recombination losses) 1.0016 0.004 0.01
kh  (humidity) 0.9970 – 0.03
Volume of standard CH4-1 / cm3 6.8810 0.19 0.03
 I   (ionization current) – 0.01 0.02

Quadratic summation 0.20 0.21
Combined relative standard uncertainty of Dw,BIPM 0.29

(1)  si represents the Type A relative standard uncertainty uA(xi)/ xi, estimated by statistical means;  ui represents the Type
B relative standard uncertainty uB(xi)/ xi estimated by other means.

(2) At 0 °C and 101.325 kPa.
(3) Combined uncertainty of the product ac,)/( seW .
(4) Polymethylmethacrylate.

Relative standard uncertainties for the calibration of an ionization chamber in
terms of absorbed dose to water at the BIPM

Uncertainty in ND,w BIPM

Relative standard uncertainty

in the measurement of 100 si 100 ui

Absorbed dose rate (see above) 0.20 0.21

Ionization current of transfer chamber 0.01 -

Chamber position/depth 0.01 0.02

Relative standard uncertainty

Quadratic summation 0.20 0.21

Combined uncertainty uc,BIPM 0.29


