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FOREWORD 

In 1987 the IAEA published a report entitled "Absorbed Dose Determination 
in Photon and Electron Beams — An International Code of Practice'' (IAEA Techni
cal Reports Series No. 277) to advise users on how to obtain the absorbed dose in 
water from measurements made with an ionization chamber, calibrated in terms of 
air kerma. For high energy photons (energies above 1 MeV), the chamber calibra
tion was at a single photon quality (^Co gamma rays). The Code of Practice 
described procedures and provided data on using such ionization chambers to obtain 
the absorbed dose for higher energy photons and also for electron beams. The Code 
of Practice was so designed that a variety of cylindrical chambers could be used, 
which represented the existing conditions worldwide. However, most national and 
international dosimetry protocols recognized the advantages of plane parallel ioniza
tion chambers, explicitly for electron beams and especially for low energy electron 
beams (below 10 MeV). Although mis was acknowledged in the Code of Practice, 
the calibration and use of these chambers were not fully developed. 

Since 1987, various recommendations for specific procedures in the use of 
plane parallel ionization chambers have been published. Additional knowledge on the 
use of cylindrical chambers has also accrued. Accordingly, the IAEA formed a 
working group, which met in 1992, to review the status of the Code of Practice. The 
formation of a consultants group was proposed to prepare a publication in the Tech
nical Reports Series on the use of plane parallel ionization chambers in high energy 
electron and photon beam dosimetry. This group met during 1994 and 1995 to write 
the report, which has resulted in the present publication. This both complements and 
extends Technical Reports Series No. 277. It describes options on how to calibrate 
plane parallel chambers, against air kerma or absorbed dose to water standards at 
^Co gamma ray energies, in order to obtain N$ah, the absorbed dose to air 
chamber factor, or N aw ,a» the chamber absorbed dose to water calibration factor, 
respectively. The use of these chambers to calibrate therapy electron beams, as well 
as relative dose measurements for photon and electron beams, is presented. This 
publication also updates some of the data and concepts used in the earlier report. 

It is believed that this report will fill the gaps that existed in Technical Reports 
Series No. 277 with respect to plane parallel chambers and will result in improved 
accuracy in radiotherapy when these chambers are used. 

This report was prepared by P.R. Almond, P. Andreo, O. Mattsson, 
A.E. Nahum and M. Roos. The IAEA wishes to acknowledge valuable suggestions 
and criticism from M. Boutillon, A. Bridier, A. Brosed, K.-A. Johansson, 
M.C. Lizuain, B. Nilsson, H. Nystrdm, A. Palm, D.W.O. Rojers, C. Ross, 
J. Seuntjens and the radiation physics students at Umea University. 

The Agency officer responsible for this publication was P. Andreo. 



EDITORIAL NOTE 

Although great care has been taken to maintain the accuracy of information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for 
consequences which may arise from its use. 

The use of particular designations of countries or territories does not imply any judge
ment by the publisher, the IAEA, as to the legal status of such countries or territories, of their 
authorities and institutions or of the delimitation of their boundaries. 

The mention of names of specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part of the IAEA. 



CONTENTS 

1. INTRODUCTION 1 

2. UPDATE OF THE INFORMATION IN TRS-277 3 

3. EQUIPMENT 10 

3.1. Phantom 10 
3.2. Measuring assembly 11 
3.3. Chamber assembly 11 

3.3.1. Chamber properties for electron radiation 13 
3.3.2. Chamber properties for photon radiation 18 
3.3.3. Characteristics of some plane parallel chamber types 18 

4. BEAM QUALITY SPECIFICATION 19 

4.1. Electron beams 19 
4.1.1. Determination of the mean energy at the 

phantom surface, £0 19 
4.1.2. Ranges measured in plastic phantoms 21 
4.1.3. Determination of the mean energy at depth 

in the phantom, E, 23 
4.2. Photon beams 24 

5. NK BASED FORMALISM AND DETERMINATION OF NDMt 

FOR PLANE PARALLEL IONIZATION CHAMBERS 25 

5.1. Formalism 25 
5.2. Determination of NDiir for plane parallel chambers 26 
5.3. The electron beam method 28 

5.3.1. Choice of phantom 29 
5.3.2. Reference conditions and experimental set-up 29 
5.3.3. Choice of reference chamber 30 

5.4. Alternative calibrations of plane parallel ion chambers in a 
^Co beam 30 
5.4.1. Calibration at depth in a phantom 30 
5.4.2. Measurement free in air 32 

6. WD.W BASED FORMALISM AND DETERMINATION OF 
ND.W FACTORS FOR PLANE PARALLEL IONIZATION 
CHAMBERS 33 



6.1. Formalism 34 
6.2. Determination of NDw for plane parallel chambers 35 
6.3. Calibration in a ^Co beam 37 

7. USE OF PLANE PARALLEL CHAMBERS 
IN ELECTRON BEAMS 38 

7.1. Determination of the absorbed dose to water under 
reference conditions 38 
7.1.1. Reference conditions 38 
7.1.2. Correction for influence quantities 40 
7.1.3. Determination of the absorbed dose to water at the 

reference depth 43 
7.1.3.1. Measurements in plastic phantoms 46 

7.2. Determination of the absorbed dose to water under 
non-reference conditions 47 

8. USE OF PLANE PARALLEL CHAMBERS 
IN PHOTON BEAMS 49 

8.1. Determination of the absorbed dose to water under 
non-reference conditions 50 

9. THE UNCERTAINTY IN ABSORBED DOSE DETERMINATION 
AT THE REFERENCE DEPTH USING PLANE PARALLEL 
CHAMBERS IN ELECTRON BEAMS 51 

9.1. Estimation based on ND^ir calibration 51 
9.1.1. The electron beam method 53 
9.1.2. In-phantom measurements in a ^Co beam 53 
9.1.3. Measurements free in air in a ^Co beam 53 

9.2. Estimation based on ND.W calibration 59 

10. A CODE OF PRACTICE FOR THE CALIBRATION AND USE 
OF PLANE PARALLEL IONIZATION CHAMBERS 63 

10.1. Corrections for influence quantities 64 
10.2. Electron beams 65 

10.2.1. Beam quality specification 65 
10.2.2. Determination of the ND,ajr factor of 

plane parallel chambers 67 
10.2.2.1. The electron beam method 68 
10.2.2.2. Measurements in a 

^Co gamma ray beam 70 



10.2.3. Determination of the NDw factor of plane parallel 
chambers in a ^Co gamma ray beam 73 

10.2.4. Absorbed dose determination in electron beams: 
Absolute dosimetry under reference conditions 74 

10.2.5. Absorbed dose determination in electron beams: 
Relative dosimetry 76 
10.2.5.1. Central axis depth-dose distributions 76 
10.2.5.2. Output factors versus field size 88 

10.3. Photon beams 88 

APPENDIX A: EXAMPLES 89 

A.l. Determination of the absorbed dose to air chamber 
factor Affair for the reference chamber 89 

A.2. Determination of the absorbed dose to air chamber factor 
Naair for a plane parallel chamber using electron radiation 90 

A.3. Determination of the absorbed dose to water in electron 
beams using a plane parallel ionization chamber 
with factor Ng a i r 93 

A.4. Determination of the absorbed dose to water in electron 
beams using a plane parallel ionization chamber with 
factor JVgw.Co 95 

APPENDIX B: STOPPING POWER RATIOS IN 
CLINICAL ELECTRON BEAMS 97 

B.l. Energy-range relationship 97 
B.2. Validity of the S^^EQ, Z) selection procedure 99 
B.3. Recent developments 102 

APPENDIX C: CHAMBER PERTURBATION FACTORS IN 
ELECTRON AND PHOTON BEAMS 105 

C.l. Electron beams 105 
C.l . l . Cavity and wall effects 105 
C.l.2. Experimental work 107 
C.1.3. Conclusions 110 

C.2. Photon beams 110 
C.2.1. Cavity and wall effects 110 
C.2.2. Buildup region 114 

REFERENCES 115 

CONTRIBUTORS TO DRAFTING AND REVIEW 125 





1. INTRODUCTION 

Most national and international recommendations on dosimetry have explicitly 
recognized the advantages of using plane parallel (or parallel plate) ionization 
chambers for the dosimetry of therapeutic beams, especially for low energy electron 
beams. The design characteristics, mainly regarding the shape and height of the 
collecting volume, make this instrument theoretically ideal for ionization measure
ments in regions with sharp dose gradients in the beam direction or whenever the 
uncertainty in the position of the effective point of measurement of the ionization 
chamber is to be minimized. 

The lack of detailed recommendations in the IAEA Code of Practice [1] for 
the determination of the A^air absorbed dose to air chamber factor of plane parallel 
ionization chambers has raised discussions on the completeness of the Code of Prac
tice. A reference to the methods described by NACP [2] was provided which, at the 
time of writing of Ref. [1], were considered well established and well described in 
the original reference, and therefore still to be recommended. More recent research 
has expanded the available knowledge on perturbation and other correction factors 
in ionization chamber dosimetry; in addition, the constructional details of the 
chambers have been shown to be important. 

Different countries have published, or are in the processes of publishing, 
dosimetry recommendations which include specific procedures for the use of plane 
parallel ionization chambers. An international working group was formed under the 
auspices of the IAEA, first to review the status and the actual validity of the Code 
of Practice [3] and second to develop an international code of practice for the use 
of plane parallel ionization chambers in high energy electron and photon beams used 
in radiotherapy. This document fulfils the second task; its co-authorship by an inter
national group does not imply a recommendation to supersede existing national pro
tocols but to complement the IAEA Code of Practice [1] in a field where much 
development has taken place since its publication. It is noted that these recommenda
tions do not include the use of plane parallel ionization chambers for the dosimetry 
of low and medium energy X rays. 

In relation to other recent recommendations [4-6], one of the main differences 
of the present procedures refers to the recommendations regarding either the 
methods for the determination of ND.dk (ND in Ref. [1] or A ĝas in Refs [5, 7]) of 
plane parallel ionization chambers or their use in photon beams. The main recom
mendation to determine NDik

 m this document is an experimental determination in 
an electron beam against a reference ionization chamber having a calibration factor 
A'K and a known chamber factor NDStiT. The procedure is consistent with the recom
mendations of earlier dosimetry protocols [2, 7, 8], and in some cases the method 
was also endorsed for thimble (cylindrical) chambers whenever relevant information 
related to their construction was unknown to the user [8]. The traceability of this 
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procedure to primary standards is guaranteed through the calibration of the reference 
chamber, as with other field instruments commonly used in radiotherapy dosimetry. 

The formalism for the practical use of plane parallel ionization chambers is 
consistent with that given in Ref. [1]. In photon beams, as opposed to electrons, 
plane parallel ionization chambers are not recommended here for absolute absorbed 
dose determinations {absolute in the sense of dose per meter reading), but for relative 
measurements only. Emphasis is given to corrections which have special importance 
in plane parallel chambers, such as polarity effect and recombination. Whenever 
available, updated data on quantities and correction factors are provided. Attention 
has been given to the use of the chambers in non-reference conditions and relative 
dosimetry procedures where Afo.air is not needed; these are not usually included in 
other recommendations (except in TG-25 of AAPM [9]). 

The present Code of Practice aims also at updating information and procedures 
in Ref. [1] regarding recent developments in radiotherapy ion chamber dosimetry 
that are directly related to, or might be of interest for, the use of plane parallel ioniza
tion chambers. At this point it is important to emphasize the major development work 
in progress at the Primary Standard Dosimetry Laboratories (PSDLs) to provide 
calibrations of ionization chambers in terms of absorbed dose to water [10-12] at a 
reference quality Q0. At present, efforts are being addressed to providing ArD.w,Q0

1 

calibrations for photon beams, mainly ^Co gamma rays, and to a lesser extent high 
energy bremsstrahlung beams and electron beams [14-18]. A practical approach is 
to provide users with NDvi at a reference quality, usually ^Co, and apply beam 
quality correction factors when the calibrated instrument is used with other beam 
qualities or modalities used in radiotherapy [10, 13, 19, 20]. To be consistent with 
the developments in the field, this Code of Practice also includes a calibration 
procedure for plane parallel ionization chambers based on N0w. 

The structure of this report differs from Ref. [1] in that the practical recom
mendations, data and relevant figures have been placed in a single section. This 
Section 10 is effectively the Code of Practice for plane parallel ionization chambers. 
The reader can carry out a chamber calibration or an absolute dose determination 
without searching for the various procedures or tables through the whole text. Sec
tion 2 is an update of the information given in Ref. [1]. Details of all the necessary 
dosimetric procedures, as well as their justification, are given in Sections 3 to 9. 

Since calibration factors in terms of absorbed dose to water can be obtained in 
different beam qualities, whenever a possibility for confusion exists a subscript will be added. 
In this context a subscript 'Co' refers to "Co gamma rays, 'X' to high energy photons and 
'E' to electron beams, i.e. NDwCo, NDwX and ND„B, respectively, so that the first index 
denotes the calibration quantity, the second is the medium where the quantity is measured and 
the third the quality of the beam used for calibration [13]. For simplicity, NDw without addi
tional subscript refers always to the reference quality ̂ Co. 
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Examples with detailed procedures are included in Appendix A. Appendices B and 
C provide an updated review on stopping power ratios in clinical electron beams and 
chamber perturbation factors in electron and photon beams, respectively. 

2. UPDATE OF THE INFORMATION IN TRS-277 

Since the publication of the IAEA Code of Practice [1], investigations in the 
field have provided new data on certain quantities and a better understanding of the 
validity of some of the correction factors commonly used in ion chamber dosimetry 
[3, 21]. A summary is provided here for quantities of relevance to the different 
methods used with plane parallel ionization chambers. The data provided here 
replace those given in Ref. [1], although in no instance is the final dose determina
tion significantly changed. Most of the symbols used in this Code of Practice are 
identical with those used in Ref. [1] and ICRU 35 [22J; consequendy, only the new 
symbols used throughout the present document or those which involve a change in 
numerical value will be given in detail.2 

Cpi — material dependent scaling factor to convert ranges and depths measured 
in plastic phantoms into die corresponding values in water. This is the 
equivalent of die effective density of AAPM TG-25 [9]. 

hm — factor to correct for the difference in electron fluence in plastic compared 
to that in water at an equivalent depth. The values have been updated on 
the basis of a new analysis of published data [6]. 

kcel — factor to take into account the non-air equivalence of the central electrode 
of a cylindrical (thimble) ionization chamber for obtaining Â D.air fr°m 

the calibration factor in terms of air kerma N&, at the reference quality 
<20, usually ^Co gamma rays. As discussed in Ref. [1], various investi
gations have demonstrated an increase in the response of a cylindrival 
ionization chamber to ^Co irradiation in air widi increasing electrode 
diameter when the electrode is aluminium. This has been verified both 
experimentally [23] and using Monte Carlo simulations [24-26]. In most 
cases die uncertainty in terms of one standard deviation was of die same 
order as the correction itself or even larger. Recent Monte Carlo 
simulations of the effect of metallic central electrodes by Ma and 
Nahum [27] have considerably decreased the estimated uncertainty of the 
correction, yielding kcei equal to 1.006 ± 0 . 1 % (uncertainty type A) for 

2 In certain instances, especially when ionization chambers of different design are 
referred to simultaneously, or whenever a possibility for confusion exists, a superscript 
specifying the type of chamber is used. For example, N%]3in N^it and A^.air denote, respec
tively, the JVD air absorbed dose to air chamber factor of a cylindrical ionization chamber, a 
plane parallel chamber or a chamber of an unspecified type. 
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an NE-2571 chamber with a 1 mm diameter aluminium central electrode; 
this is me value recommended in this report (see also the paragraph below 
on ATD.air). 

^D.air — absorbed dose to air chamber factor. From the quantity determined with 
this factor, Z)air, the absorbed dose to water in a point, Dw, is derived by 
the application of the Bragg-Gray principle. Many of the factors 
described below are corrections for the departure from ideal Bragg-Gray 
behaviour. This factor was called ND in Ref. [1], but the subindex 'air' 
has been included here to specify without ambiguity that it refers to die 
absorbed dose to the air of the chamber cavity. This is the Ngas of 
AAPM TG-21 [7]. In this Code of Practice, it is given by 

^D.air =tfK ( l ~8)KKkmkcel
 (2i) 

which is similar to the formulation given in Refs [28-30], where the fac
tor kcei also appears explicitly. Reference [1] did not include k^ in the 
equation for ND and therefore this latter factor did not relate solely to the 
geometrical characteristics of die chamber, i.e. an indirect measure of the 
cavity volume; kcei was instead included in the/?cel.gbl factor (see below). 
The numerical value of NDiiT for cylindrical chambers with 1 mm 
diameter aluminium electrodes (NE-2571) is a factor 1.006 greater than 
NQ as given in Ref. [1]. Although the determination of the iVD air cham
ber factor by the user should strictly not be considered as a calibration,3 

the use of a reference chamber with a calibration factor NK supplied by 
a standards laboratory provides traceability to national and international 
standards. For the sake of simplicity, the term calibration will sometimes 
be retained in the present Code of Practice. 

ND.W — absorbed dose to water chamber factor, which yields the absorbed dose 
to water (per electrometer reading unit) in the absence of the chamber at 
a point in water where the reference point of the chamber4 is situated 
and at a reference beam quality Q0. This symbol was given in Ref. [1] 
but in practice its use was restricted to low energy X rays. As already 
mentioned, the most common approach is to provide users with ND w at 
a reference quality Q0, usually ^Co, and apply beam quality correction 

3 The criteria for deciding the kind of institution where an ionization chamber should 
be calibrated are not uniform. Advantages and disadvantages with calibrations at a Secondary 
Standard Dosimetry Laboratory (SSDL) or a hospital have been discussed in a recent 
IAEA publication [31]. 

4 The point in the chamber specified by a calibration document to be that at which the 
calibration factor applies [31]. For plane parallel ionization chambers the centre of the inner 
side of the front wall is recommended in this Code of Practice. 
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factors for other beam qualities. A formalism based on NDtW calibration 
factors is given in Section 6. Users should be warned of the possibility 
of confusion arising from the notation ND used by AAPM TG-21 [7] for 
the NDtV/ factor. 

pQ — overall perturbation factor of ionization chambers for in-phantom mea
surements at a beam quality Q. It is equal to the product of various factors 
correcting for different effects, each correcting for small perturbations; 
in practice, these are pcm, pceh pdis and pwall. 

Pcav — factor that corrects for effects related to the air cavity, predominantly the 
in-scattering of electrons [22, 32] that makes electron fluence inside a 
cavity different from that in the medium in the absence of the cavity 
(see Appendix C). It is denoted here by 'cav' in order to emphasize that 
it is exlusively concerned with effects due to the air cavity, rather than 
the wall material. The in-scattering effect was the only perturbation 
mechanism considered in Ref. [1] for electron beam dosimetry, whereas 
it was assumed to be negligible for photon beams. The present pcav 

therefore coincides numerically with the overall perturbation factor pu 

for electron beams in Ref. [1]. This factor has generally been assumed 
to be equal to unity for plane parallel chambers in electron beams. It is 
important to emphasize that the pu or pCiV factors for electron beams are 
strictly valid at the reference depths only, and therefore their use at other 
depths is an approximation. This restriction was already pointed out in 
Section 7.3.1 of Ref. [1], dealing with non-reference determinations of 
absorbed dose. 

pcel — factor that corrects for the effect of the central electrode of a cylindrical 
ionization chamber during in-phantom measurements in high energy 
photon and electron beams. This perturbation was analysed first in the 
experimental work of Mattsson [33]. The product kceipcei was called pce\ 
in Ref. [1], although it should have been named/?cel.gbl to specify without 
ambiguity that it is a global correction factor (see Refs [28-30]5). 
Problems associated with the correction for the influence of the central 
electrode during the procedure to determine ND,air f°r plane parallel 
ionization chambers in electron beams have been reported [30]. It was 
found that the global correction for a Farmer type chamber of 0.8% in 
electron beams recommended in Ref. [1] and other protocols [4, 34] did 

5 The reason for separating both components in this report is not only to achieve a 
consistent definition of the NDaiI chamber factor; during the calibration procedure in terms of 
ND.W.Q0 only in-phantom measurements are involved and the use of the pcei.gbi factor is 
inappropriate. The determination of the dose to water with cylindrical chambers using the 
^D.air based formalism is not modified by the separation of pC(.Hbl [1] into its components 
*ccl a n d Peel-
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not produce a consistent determination of the absorbed dose in electron 
beams. The Monte Carlo simulations of Ref. [27] have supported the 
conclusion that the /?ce|.gbi factor recommended in Ref. [1] is too large; 
identical corrections have been found for the existing solid and hollow 
electrodes. Using the results in Ref. [27] for ^Co in air (kcel equal to 
1.006) and for high energy electrons in a phantom (/?cel equal to 0.998), 
the global correction in electron beams amounts to 1.004 for an NE-2571 
Farmer chamber, which is half of the correction recommended in 
Ref. [1]. This result is consistent with the analysis of the experimental 
results of Mattsson and Johansson [35] given in Ref. [30]. The effect 
increases for low electron energies. Additional experimental determina
tions comparing Fricke to ionization dosimetry [36] have also arrived at 
a smaller correction factor than the recommendation in Ref. [1], in good 
agreement with the results reported above. The agreement between these 
new sets of data confirms the need for a decrease in the recommended 
correction factor, and the data for pcel in the present report have been 
adjusted accordingly and separated from kcei. 

— factor that accounts for the effect of replacing a volume of water with the 
detector cavity when the reference point of the detector volume is taken 
to be at the chamber centre. It is the alternative to the use of an effective 
point of measurement of the chamber, Pe{{, shifted from the centre for 
the standard calibration geometry, i.e. a radiation beam incident from one 
direction. When ionization chambers are calibrated in a phantom using 
^Co or high energy photon beams it is sometimes cumbersome to 
position the chambers so that their effective points of measurement are 
at the same depth. The centres of the ionization chambers would have to 
be at different depths depending on the beam quality and the diameters 
of the chambers. This would increase the likelihood of errors being made 
in the setting up and is a reason for referring absorbed dose to water 
calibration factors to the chamber centre. Experimental data from 
Johansson et al. [37], consistent with the position of Pe{( discussed 
below, are recommended in this report. The factor pdis is related to the 
Prepl of AAPM TG-21 [7], whose data are based on first scatter calcula
tions by Cunningham and Sontag [38] (see Refs [19, 20, 39]). As 
described by Andreo [19, 40] (see also Refs [21, 41]), the AAPM TG-21 
set yields differences of about 0.5% for a Farmer type chamber compared 
with the experimental results recommended here [37]. 

— the effective point of measurement of the ionization chamber. For 
cylindrical chambers in electron beams, Ref. [1] and other dosimetry 
protocols recommend a shift of Peff from the centre of the chamber of 
0.5r, where r is me inner radius of the chamber, towards the source. In 
megavoltage photon beams the experimental and theoretical results on the 



effective point of measurement of an ion chamber have been 
reviewed [3, 21]. With the exception of very high energy photon beams 
(mainly obtained with old betatrons where shifts of about 0.8 r were 
measured), most results yield an average value of the shift close to 0.6r 
at depths used for beam calibration for therapeutic photon beams 
including ^Co gamma rays [37]. Note that Ref. [1] recommended a 
shift of 0.5r for the latter case and 0.75r for high energy photon beams. 
It should be noted that, owing to the gradient of dose in the volume 
occupied by the chamber, the two shifts quoted in the literature for ^Co 
and photons around 6-8 W , namely about 0.50r and 0.75r, cor
respond to depths with differences in percentage dose close to 0.5% for 
a Farmer type chamber. In the present document a shift equal to 0.6r is 
recommended for all photon beams with qualities equal to or higher than 
^Co gamma rays. For practical purposes a value of 0.55 r for both pho
ton and electron beams is acceptable. For plane parallel ionization cham
bers Peff is usually assumed to be situated in the centre of the front 
surface of the air cavity. This assumption might fail if the chamber design 
does not follow certain requirements regarding the ratio of cavity 
diameter to cavity height as well as that of cavity height to guarding width 
(see Section 3). 

Pwaii — factor that corrects for the non-medium equivalence of the chamber wall 
material (see Appendix C). For cylindrical chambers in photon beams 
this factor is determined analytically in most dosimetry protocols by using 
the two component model given by Almond and Svensson [42] (Eq. (25) 
in Ref. [1]) or the extension by Gillin et al. [43] and Hanson and 
Dominguez-Tinoco [44] to three components to take into account the thin 
waterproofing plastic or rubber sleeve normally used to protect the 
chamber in a water phantom. However, discrepancies between experi
ments and the two or three component analytical model have been 
reported by Ross and Shorn [45]. The present /?wan coincides with the 
generic perturbation factor pu for photon beams in Ref. [ I] . 6 It has been 
demonstrated, both experimentally [33, 36, 47] and by Monte Carlo 
simulations [48], that the analytical expression cannot be used for plane 
parallel ionization chambers owing to their generally inhomogeneous 
design. Although pwaI1 factors at ^Co have now been determined for 
most plane parallel ionization chambers [49], the validity of universal 
factors for a chamber from a particular manufacturer has been questioned 
because of significant chamber to chamber variations for the same model 
[30, 50]. Furthermore, departures from manufacturer specifications have 

The TPR scale in Fig. 16 in Ref. [1] for a in high energy photon beams should be 
shifted such that 0.60 is at the origin [46]. 
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been found in commercially available chambers [51]. In electron beams, 
wall effects have implicitly been assumed to date to be negligible 
[1, 52, 53]. There is, however, experimental evidence that this may not 
be so for certain combinations of plane parallel chamber and phantom 
material, because of backscattering differences [54] (see Appendix C). 
More work is required before any non-unity values for /?wan can be 
recommended. Experimentally, it is the overall perturbation factor PQ 
for plane parallel ionization chambers that has been determined in elec
tron beams (equal to the product pcav Avail) a nd non-unity values are 
given for certain chambers at low energies (Section 10). 
factor to correct for the lack of saturation of charge collection (due to ion 
recombination) in an ionization chamber. The determination of the 
recombination correction factor for plane parallel ionization chambers 
using the two voltage method, as in Ref. [1], has been shown to have limi
tations for most chambers owing to the lack of linearity of saturation 
curves in the region of interest [55]. In order to decrease the influence 
of ps in the dosimetry procedure it is recommended here to use die same 
voltage ratio for the determination of ps in the calibration beam and in 
the user's beam. An alternative procedure to derive ps based on Boag's 
theory [56] is also provided in this report. 

general symbol to indicate the quality of a radiation beam, eidier photons 
or electrons. Q0 indicates the reference quality used for calibration, 
linear continuous slowing down range (csda), equal to r0/p. 
Spencer-Attix (A = 10 keV) stopping power ratio, water to air. New cal
culations of 5wair for electron beams have been performed by 
Andreo [57] based on the two sets of density effect corrections in water 
given in the ICRU 37 electron stopping power tables [58]. They are den
sity effect corrections according to Sternheimer's model and Ashley's cal
culations based on semi-empirical dielectric response functions (DRFs). 
It was argued that for electron energies used in radiotherapy, where the 
density effect in air is negligible, SQRF based water/air stopping power 
ratios provide a more accurate set of data. Differences in stopping power 
ratios due to the different evaluations of the density effect correction are 
within 1 % at all energies and depths of interest. There is inadequate infor
mation, however, on the density correction used in the set of values 
actually in use in Ref. [1] and most national dosimetry protocols. A new 
set of data is provided here on the basis of Ashley density effect correc
tions for water. Compared with the stopping power ratios in Ref. [1], the 
differences are small for the most commonly used electron energies in 
radiotherapy, being close to 0.5% at most depths (see Fig. 8). The adop
tion of die new values is justified in terms of the lack of ambiguity in the 
corrections used and higher accuracy of the present set of data. As in 



Ref. [1], stopping power ratios at the reference depth are selected accord
ing to the so-called jwair(E0> zref) rule, whereE0 is the mean energy of 
the electron beam at the phantom surface (see Appendix B). A procedure 
for selecting stopping power ratios for relative measurements if the 
energy and angular spread of the electron beam are not negligible was 
given in Ref. [I] .7 This method is not recommended in the present Code 
of Practice as it does not overcome the limitations of the sw air (£0» z) 
method described in Appendix B. 

average depth (in cm) of electron penetration; Zav ĉsda IS known as the 
detour factor (see, for example, ICRU 49 [59], where mis concept is dis
cussed for protons and alpha particles). The concept of detour factor was 
implemented in the context of electron dosimetry by Harder [60] estab
lishing empirical laws of electron absorption. It should be noted that the 
ICRU 49 [59] and Harder's [60] definitions of detour factors are 
reversed, the former giving values less than unity, denoting a shortening 
of the particle depth of penetration compared with path length. Harder's 
empirical laws were mainly based on electron transmission coefficients 
[61] of 4-30 MeV electrons in C, Al, Cu, Cd and Pb. Recent investiga
tions using the Monte Carlo method [62] have led to an empirical equation 
of detour factors as a function of the mean atomic number, for plastic 
materials of interest in electron beam dosimetry. Between 1 and 50 MeV, 
electron detour factors in plastic materials can accurately be obtained 
from the following formula: 

. , tf,Za2(l + G 3 T ) \ - ! 

^csda \ 1 + <24r 

where a, = 0.2190, a2 = 0.7719, a3 = 0.00833 and a4 = 0.10842. 
T is die electron kinetic energy in units of the electron rest energy 
(mc2 = 0.511 MeV) and die mean atomic number is defined by 
ICRU 35 [22] as 

L»J 
Z\ •2 

Aj 
Z = ~ J- (2.3) 

y *A 
U 'A; 

7 The procedure was based on£0 and a scaled depth z' = z R^VRf*, R™1' being the 
practical range of monoenergetic electrons of energy E0 and R™m the experimental Rp in 
water for the actual conditions. 
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where w, is the fraction by weight and Zj and Aj pertain to the jth con
stituent of the plastic. 

zK( — depth of reference (in cm) for in-phantom measurements at a beam 
quality Q. 

3. EQUIPMENT 

3.1. PHANTOM 

Water is recommended in the IAEA Code of Practice [1] as the reference 
medium for absorbed dose measurements both for photon and electron beams, and 
the same criterion is followed in this report. Solid phantoms in slab form, such as 
polystyrene, PMMA8 and certain water equivalent plastics (see ICRU 44 [63] and 
Ref. [64]), may be used for low energy (below 10 MeV approximately) electron 
beam dosimetry. Nevertheless, the dose determination must always be referred 
to water. 

Ideally, the phantom material should be water equivalent for electron beams. 
This means that the linear collision stopping power, the linear radiative stopping 
power and the linear scattering power should have the same values as for water for 
the whole electron energy range under consideration (see ICRU 35 [22]). Since 
these conditions are only fulfilled to a certain degree by common phantom materials, 
it is necessary to convert data determined in plastic materials into those for water. 
In plastic materials, as a consequence of their high carbon content, their effective 
atomic number is usually lower than that of water, resulting in too low a linear scat
tering power when the linear collision stopping power is equal to that of water. In 
the cases of high impact polystyrene and some types of water equivalent plastics this 
difference is reduced by the addition of a high Z material to the plastic. 

For all materials the phantom should extend to at least 5 cm beyond all four 
sides of the largest field size employed at the depth of measurement. There should 
also be a margin of approximately 5 cm beyond the maximum depth of measurement. 

When phantoms of insulating materials are adopted, users must be aware of 
the problems resulting from charge storage, predominantly in the case of measure
ments with thimble chambers in electron beams [65-68]. This mechanism might play 
an important role during the calibration procedure for plane parallel chambers in 
electron beams. The effect may cause a very high electric field strength around the 
chamber, directly influencing the electron fluence distribution and therefore affect
ing the readihg of the chamber. In order to minimize this effect the thickness of the 

Polymethylmethacrylate, also known as acrylic. Trade names are Lucite, Plexiglas 
or Perspex. 
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sheets constituting the phantom should be as small as possible, in no case exceeding 
2 cm [1, 67]. The actual thickness of the particular slabs, and the variation of the 
thickness over the slab area, should be measured since deviations from the data stated 
by the manufacturers are frequently observed, particularly in the case of thin slabs. 
The density of each sample should also be determined. Furthermore, care must be 
taken to ensure that air layers between the slabs are avoided. 

The influence of the charge storage on the electron fluence distribution appears 
to be less important for well constructed plane parallel chambers (see below for 
desirable chamber properties) in comparison with thimble chambers. In plane 
parallel chambers of foil design (as, e.g., Markus and Vinten chambers, see 
Table II), the electric field produced by the charge storage may bend the entrance 
window and thus influence the chamber volume, leading to non-reproducible results 
and drifts in the reading. This can be minimized by covering the phantom sheet 
directly adjacent to the entrance window with a conducting layer, kept at the electri
cal potential of the window. 

3.2. MEASURING ASSEMBLY 

The measuring assembly for the measurement of current (or charge) includes 
an electrometer and a power supply for polarizing voltage of the ionization chamber. 
The electrometer should preferably be provided with a digital display and should be 
capable of four digit resolution; it should allow 0.25% resolution on the reading. 
The variation in the response should not exceed ±0.5% over one year (long 
term stability). 

The electrometer and the ionization chamber can be calibrated separately. This 
is particularly useful in centres provided with several electrometers or chambers. In 
some cases, however, the electrometer is an integral part of the dosimeter, and the 
ionization chamber and electrometer are calibrated as a single unit only. 

It should be possible to reverse the polarity of the polarizing voltage so that 
the polarity effect of the ionization chamber may be determined, and to vary the vol
tage in order to determine the collection efficiency as described in Section 7. 

3.3. CHAMBER ASSEMBLY 

Plane parallel chambers are designed (see Fig. 1) to be used with the entrance 
window facing the radiation source. They are usually characterized by the following 
constructional details (International Standard IEC 731 [69]): 

— The air volume is a disc shaped right circular cylinder, one flat face of which 
constitutes the entrance window. The inside surface of the entrance window 
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FIG. I. Diagram of a well designed plane parallel ionization chamber. Indicated in the 
diagram are height a and diameter d of the air cavity (I), diameter m of the collecting elec
trode (2) and width g of the guard ring (3). 

(and sometimes, but not always, the side walls of the cylinder) is electrically 
conducting and forms the outer electrode. The inner electrode is a conducting 
circular disc inset in the body insulator which forms the other flat face of the 
cylinder opposite to the entrance window. The sensitive volume is that fraction 
of the total air volume through which the lines of electrical force between the 
inner and outer electrodes pass. 
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— The inner and outer electrodes are mounted in a supporting block of material 
(the chamber body) to which the connecting cable is attached. The cable 
usually exits the body in a direction parallel to the entrance window. 

— The sensitive volume is typically between 0.05 and 0.5 cm3. 
— The polarizing potential is applied to the outer electrode, and the signal charge 

is collected from the inner electrode. 
— There is usually a third electrode9 surface between the other two which is not 

connected electrically to either of them, but which is designed to be held at the 
same potential as the inner electrode. If the chamber assembly is fully guarded 
this third electrode will be present in the air volume as a ring around the inner 
electrode. 

— Plane parallel chambers for electron radiation10 have the following typical 
dimensions: 

— the entrance window thickness is 1 mm or less; 
— the distance between the inner and outer electrode is 2 mm or less; 
— the diameter of the inner (collecting) electrode is 20 mm or less. 

3.3.1. Chamber properties for electron radiation 

For measurements in electron beams of energies below E0 = 10 MeV, 
plane parallel ionization chambers are recommended, and they must be used 
below EQ = 5 MeV [1]. However, plane parallel chambers are also very suitable 
for use above E0 = 10 MeV. 

The chambers should preferably be designed for measurements in water, and 
the construction should be as homogeneous and water equivalent as possible, i.e. 
mass stopping powers and linear scattering powers should be similar to those of 
water (see Table 6.1 in ICRU 35 [22]). It is especially important to consider back-
scattering effects from the rear wall of the chamber (see Refs [54, 70] and Appen
dix C). Chambers designed for measurements in solid phantoms should accordingly 
be as phantom equivalent as possible. Some chambers have, however, a design that 
includes several materials, resulting in a significant departure from homogeneity. In 
these cases, there is no simple rule for the selection of phantom material [54]. 

One Of the main advantages of plane parallel chambers for electron beam 
dosimetry is the possibility of minimizing in-scattering perturbation effects, 
Pcav [32]. Plane parallel ionization chambers may be designed so that the chamber 
samples the electron fluence incident through the front window, the contribution of 
electrons entering through the side walls being negligible. This design justifies con
sidering the effective point of measurement Pei! to be at the centre of the front sur-

9 Usually called guard ring. 
These dimensions apply equally well for ^Co gamma ray and high energy 

photon beams. 
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—o 3 

FIG. 2. Net charge deposition resulting from the absorption ofmonoenergetic electron beams 
in water as a function of the scaled depth z/r0 (r0 is the continuous slowing down approxima
tion range) for various electron energies. The charge per incident electron is normalized 
according to the reciprocal of the csda ranges for every energy [72]. 

face of the air cavity (for such chambers it is assumed that the position of Pe({ does 
not vary with energy). For practical purposes, it is also convenient to choose the 
reference point of the chamber at the same position. In order to fulfil the require
ments concerning /?cav and Peff within a reasonable approximation, plane parallel 
chambers must have a flat cavity, i.e. the ratio of cavity diameter and cavity depth 
must be large (of the order of ten), the cavity height should not exceed 2 mm, and 
the collecting electrode should be surrounded by a guard electrode having a width 
not smaller than 1.5 times the cavity height. Such dimensions are reported to suffi
ciently reduce the in-scattering perturbation effect [51, 52, 71]. Furthermore, the 
diameter of the collecting electrode should not exceed 20 mm in order to reduce the 
influence of radial non-uniformities of the beam profile. In addition, the thickness 
of the front window should be restricted to 1 mm at most to make measurements at 
shallow depths possible. It is also necessary for the air cavity to be vented so that 
it will equilibrate rapidly with the external pressure and temperature. 
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TABLE I. DESIRABLE PROPERTIES FOR 
A PLANE PARALLEL CHAMBER 
IN ELECTRON RADIATION 

Chamber dimensions 

Front window thickness 

Collecting electrode diameter 

Ratio of guard ring width to 
cavity height 

Cavity height 

In-scattering perturbation effect, pcav 

Wall and backscattering perturbation 
effects, pwa„ 

Polarity effect 

Leakage current 

Long term stability 

< 1 mm 

<20 mm 

>1.5 

< 2 mm 

< 1 % 

<l% 

< 1 % 

< 10"14 A 

±0.5 %a 

a Of response per year for any radiation quality in the 
rated range. 

The polarity effect" represents a considerable source of uncertainty in dosi
metry with plane parallel ionization chambers. The magnitude of the effect and its 
dependence on the irradiation conditions are often incorrectly assessed. Since for 
plane parallel ionization chambers it is essentially a charge balance effect, it depends 
on die energy and die angular distribution of the incident radiation, the measuring 
depth in the phantom and also on the field size. The polarity effect may even change 
its sign as a function of depth in the phantom. This can be understood by examining 
the charge deposition patterns shown in Fig. 2 [72]. Electrons deposit a net charge 
as a result of the lack of balance between the in- and out-transport of electrons at 
various depths. The positive net charge at shallow depths is caused by depletion due 
to the forward transport of delta rays; the highest negative net charge occurs in the 
vicinity of the R50, where most of the primary electrons are stopped. Depending on 
the polarity of the polarizing voltage of the chamber and the deptii of measurement, 
the charge deposition in the collecting electrode may be increased or decreased. 

An overview of desirable plane parallel chamber properties is compiled 
in Table I. 

'' The polarity effect is defined here as half the difference in the absolute values of 
the readings with positive and negative polarity divided by the mean value [2], i.e. 

AM \MJ - \M_ 

M |MJ + \M_ 
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3.3.2. Chamber properties for photon radiation 

Plane parallel chambers are recommended here for relative measurements of 
depth-ionization distributions in photon beams. The desirable chamber properties for 
this purpose are essentially the same as those for electron radiation. The restrictions 
on chamber dimensions given in Table I are essential in order to ensure that taking 
the effective point of measurement to be at the centre of the front surface of the air 
cavity is a reasonable approximation, independent of beam quality and measuring 
depth (an essential advantage in comparison with thimble chambers). This is espe
cially important for measurements under non-equilibrium conditions at shallow 
depths in the buildup region, where even larger ratios of guard ring width to cavity 
height could be advantageous. 

3.3.3. Characteristics of some plane parallel chamber types 

Table II contains some of the most important design characteristics of com
monly used plane parallel chambers. In most cases chambers are optimized for elec
tron beam dosimetry, but they are sometimes also recommended for measurements 
in photon beams. Special models not included in this table are two chamber types 
exclusively designed and recommended for soft X rays (PTW 23342, PTW 23344) 
which are sometimes also used for high energy photon and electron dosimetry. This 
use is not recommended since the polarity effect is usually too large for such radia
tion beams. 

Table II includes materials, dimensions and some performance characteristics. 
The data have been stated by the manufacturers (with a few exceptions: Capintec 
PS-033, Holt chamber and Attix chamber, the manufacturers' performance data do 
not explicitly include measurements in photon beams). Ideally, information on the 
composition and thickness of the back wall (see Appendix C) should have been 
included in Table II, but it was not generally available. If deviations from the specifi
cations have been reported in the literature, this is noted separately [73-76]. In many 
cases this applies to the magnitude of the polarity effect where differences from 
chamber to chamber of the same type may have to be taken into account. Also, in 
the case of chamber types without a remark in Table II, single chambers may exhibit 
a considerable polarity effect. Furthermore, during the lifetime of a chamber its 
polarity effect may increase. Therefore, it is important to check the polarity effect 
regularly. Information on perturbation effects is usually not provided by the 
manufacturer. 

The chambers can be generally divided into separate body chambers, constitut
ing the majority, and phantom integrated chambers, indicated in the final column. 
Some of the chambers are waterproof; water is then stated as one of the recom
mended phantom materials. 
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Other differences concern, for example, the variety of approaches used to 
decrease the polarity effect. Some designs solely involve thin graphitation of elec
trodes, others employ a combination of one or two foil electrodes and a multilayer 
design for the collecting electrode/isolator system, and yet other chambers incor
porate three foils to minimize the amount of material that is mainly responsible for 
the polarity effect. Therefore, the air volume is divided into up to four ventilated par
titions. The ratio of the guard ring width to the height of the air chamber volume, 
crucial to the magnitude of the in-scattering perturbation effect, extends from values 
close to zero (causing a large perturbation effect) up to a factor of about 14. 

4. BEAM QUALITY SPECIFICATION 

The specification of the quality of the beams used for the calibration of 
plane parallel ionization chambers follows the recommendations given in ICRU 35 
[22], which were adopted in the IAEA Code of Practice [1]. Absolute dosimetry is 
to be performed in electron beams only and therefore photon beam quality specifica
tion is not considered here. Figure 14 shows an electron depth-dose distribution with 
the different range parameters indicated. All ranges in this report, except where 
otherwise stated, are for a depth-dose as opposed to a depth-ionization distribution. 

4.1. ELECTRON BEAMS 

4.1.1. Determination of the mean energy at the phantom surface, E0 

The mean energy at the phantom surface, E0, is required for the evaluation 
of quantities and parameters used in the formalism and mainly affects the choice 
of stopping power ratios of water to air, sw air, at the reference depth, namely 
5wair(£0,zref). For dosimetry purposes it has become customary to specify the 
quality of electron beams in terms of the mean energy at the surface of the 
phantom, E0, determined from empirical relationships between electron energy and 
the half-value depth in water, R50 [22]. As in Ref. [1] and most other dosimetry 
protocols, the recommendation is to determine E0 by using the energy-range 
relationship 

E0 [MeV] = CR50 (4.1) 

where C = 2.33 MeV-cm"1 and R$0 in cm in water is obtained from a depth-dose 
distribution measured with constant source-chamber distance. This approximate 
relationship was derived from measurements on clinical accelerators in common use 
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during the 1970s [77]. Strictly speaking, it is valid only for large field sizes (broad 
beams), energies between 5 and 30 MeV, and for R50 determined from depth-dose 
distributions measured in water with a constant source-chamber distance of 100 cm 
(i.e. equivalent to a plane parallel beam) [22, 77]. The criterion for broad beams is 
when the depth-dose distribution can be considered to be relatively independent of 
the field size [22]. This is approximately achieved with at least 12 cm X 12 cm for 
energies up to 15 MeV approximately, and at least 20 cm X 20 cm for higher 
energies. Some accelerators, however, at high electron energies have an intrinsic 
poor homogeneity at large field sizes which at the depth of maximum absorbed dose, 
/?ioo, is improved by collimator scattered electrons. In such cases the criterion for 
broad beams can be relaxed provided that the maximum shift of R50 does not 
deviate more than 1 mm approximately from that in the stated 20 cm x 20 cm 
field size limit. 

As is well known, when the dose distribution has been obtained with a constant 
source-surface distance (SSD = 100 cm), Eq. (4.1) is not valid. As an alternative, 
Ref. [1] has provided tabulated data for determining E0 either from ionization 
curves measured at SSD = 100 cm with an ionization chamber, or from depth-dose 
distributions at SSD = 100 cm, measured, for example, with a solid state detector. 
They are reproduced by the second order polynomial 

E0 [MeV] = 0.818 + 1.935 i?J
50 + 0.040 (RJ

50)
2 (4.2) 

for R3
S0 determined from a depdi-ionization curve and 

E0 [MeV] = 0.656 + 2.059 Rf0 + 0.022 (Rf0)
2 (4.3) 

for the case of an /?§> determined from a depth-dose curve. For energies above 
3 MeV, Eqs (4.2) and (4.3) yield stopping power ratios, water to air, that compared 
with 5wair values obtained with£0 derived from Table IV in Ref. [1] yield a maxi
mum deviation of 0.4% up to depths equal to 0.80 Rp. The practical range Rp can 
be determined from depth ionization or absorbed dose distributions measured at 
SSD > 100 cm. 

New energy-range relationships between E0 and R50, based on Monte Carlo 
calculations for monoenergetic electron beams, have been developed [21, 78] but all 
yield E0 values higher than the above expression (4.1). This would result in lower 
stopping power ratios at the reference depth compared to those obtained with 
•Vair(ifo> zref) and E0 from Eq. (4.1). It has, however, been shown (see Appen
dix B) that accurate determinations of sw air based on detailed Monte Carlo simula
tions of accelerator treatment heads yield values of sw,air at the reference depth that 
are closer to those derived from Eq. (4.1) than to those obtained with the use of the 
new energy-range relationships. Further details on the energy-range relationship in 
connection with the selection of 5w,air are given in Appendix B. 
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4.1.2. Ranges measured in plastic phantoms 

When measurements of the ranges are performed in plastic phantoms (alterna
tive for E0 < 10 MeV), Aplastic a n d Aplastic should be converted into values in 
water by using scaling rules in order to obtain the mean energy at the phantom sur
face using the energy-range relationships for water given in the previous section. 
Recommendations given in Section 3 regarding the thickness of plastic slabs and the 
phantom equivalence of the chamber material should be followed for measurements 
in plastic phantoms. 

Scaling rules are necessary for all situations where plastic phantoms are 
involved, i.e. not only for scaling ranges but also for converting measuring depths 
and electron fluences in plastics to their corresponding values in water. In 
TRS-277 [1] and ICRU 35 [22], range scaling and depth scaling are both performed 
according to the ratio of the linear continuous slowing down ranges between plastics 
and water. These were tabulated as a function of the mean energy at the phantom 
surface for some common plastic materials. Since the density of plastics may vary 
from one sample to another, it is always recommended that the density be measured 
and corrections applied, if necessary, to conform with the densities supplied. Other, 
different approximations have been used in different protocols for scaling purposes, 
yielding unavoidable differences of relevance for the dosimetry of low energy elec
trons using measurements in plastics.12 

An investigation on range scaling by Grosswendt and Roos [80] for the deter
mination of energy parameters has shown that simple scaling according to csda 
ranges may be improved, especially at energies below 10 MeV, where plastic 
phantoms are most commonly used. The linear continuous slowing down range, 
/?csda, is calculated by integrating the reciprocal of the linear total stopping power 
and represents the average path length travelled by an electron slowing down from 
its initial energy down to zero or some predetermined cut-off energy [22, 58]. 
Because of multiple scattering in the medium the average depth of electron penetra
tion zav is, however, smaller than the average path length. The ratio of these two 
quantities, zav^csda» is known as the detour factor (see Section 2). It is then the 
combined effect of scattering and energy loss that is of importance for scaling ranges, 
and a scaling law based on csda ranges only will yield an inaccurate correction. 

12 A consistent procedure for scaling could be developed by Monte Carlo calcula
tions. The spectral fluence distributions and the corresponding stopping power ratios sw air at 
various depths in the phantom materials in question could be calculated so that it would be 
possible to obtain simple relationships between the depths in the solid phantoms and in water 
where the stopping power ratios have approximately the same value. A final adjustment could 
then be accomplished by using fluence correction factors at the corresponding depths, deduced 
from the same Monte Carlo calculations. Some of these steps have been implemented by 
Ding et al. [79]. 

21 



Grosswendt and Roos [80] suggested that the scaling of a range measured in plastic 
to that in water be taken as the product of ratios of linear csda ranges multiplied by 
ratios of detour factors: 

p _ p "csda water V"csda'£av/*plastic 
^water — "plastic „ (D I \ 

"csda plastic (."csda'^av/water 

which reduces to the ratio of average depths of electron penetration, 

(4.4a) 

"water ^plastc 
£av plastic 

(4.4b) 

The multiplicative factor of the right hand side shows a small dependence on 
energy, see Fig. 3 [62]. Considering the approximative character of the scaling 
procedure, we can adopt an average value for each material. The scaling rule 
becomes 

"water "plastic ''pi (4.5) 
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FIG. 3. Ratios of the average depth of electron penetration in water to the corresponding 
values in different plastics as a function of electron energy [62]. The solid lines correspond 
to the material dependent factor for scaling of ranges and depths given in Table VIII. 
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where Cpi is given in Table VIII for various plastic materials. The table also 
includes the mass densities used for the Monte Carlo calculation of z3V and the mean 
atomic number Z. If this density, p tab]e, is different from that of the user's phantom, 
a correction factor Puse/Ptabie should be applied to Cpi. Equation (4.5) is recom
mended in this Code of Practice for scaling both ranges and depths in electron beams. 

The scaling method of Eq. (4.4b) or (4.5) agrees well with the recommenda
tion of AAPM TG-25 [9] for scaling depths in PMMA, polystyrene and solid water 
(WT1) using the so-called effective density, equal to the ratio fl5

w
0

ate7/?5
Piastic. The 

procedure has been confirmed by the Monte Carlo calculations of Ding et al. [79] 
for PMMA and polystyrene although numerical differences in the scaling factor were 
found. The values given in the present report are approximately between these two 
sets, and discrepancies are within the range of variation of the zav ratio for the 
energy interval shown in Fig. 3. Note that this range accounts for the differences 
between clear and white polystyrene, and consequently only one value is given. 

It is interesting to point out that scaling rules according to zav or Rso are both 
approximately valid as these parameters include the combined effect of scattering 
and energy loss during electron penetration, whereas the r0 based procedure 
includes energy losses only [62]. The scaling of ranges cannot be based on the 
knowledge of user determined R50 in water and plastic, because RWMer is the 
unknown quantity13; R50 could, however, be used for depth scaling once RWiler is 
known. For purposes of consistency a single method is recommended here. 

4.1.3. Determination of the mean energy at depth in the phantom, Ez 

The quantity Ez is solely required in this Code of Practice for the evaluation 
of perturbation factors in electron beams. These are required for plane parallel ioni
zation chambers (/>Q) and for cylindrical chambers whenever they are used as a 
reference in the A^air based calibration procedure (pcav). 

In this Code of Practice, as in Ref. [1], data based on Monte Carlo calcula
tions [81] are recommended for the evaluation of £.. Table XII gives the ratio of 
the mean energy at a depth z in water, Ez, to the mean energy at the phantom sur
face, E0, in terms of the scaled depth z/Rp for electron beams with £0 between 2 and 
50 MeV. These values have been confirmed by independent Monte Carlo calcula
tions [62, 79]. 

A least squares fit of Monte Carlo calculated data for a variety of accelerators has 
been given in Ref. [79] to derive R^" from R^"""' in PMMA and polystyrene. 
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FIG. 4(a). Ratios of the reading M of solid state detectors to that of a reference ionization 
chamber (NE-2561) measured in water using a 10 MV clinical photon beam. Results are nor
malized to unity at a depth of 10 cm [82]. 

4.2. PHOTON BEAMS 

The specification of the quality of high energy clinical photon beams is only 
relevant in this report for measurements in non-reference conditions (relative dose 
distributions). The recommendation is, as in Ref. [1], to characterize the photon 
beam by the ratio of absorbed doses at depths of 20 and 10 cm for a constant source-
detector distance and a 10 cm x 10 cm field at the plane of the chamber, TPR^§. 

Attention should be paid to the use of certain solid state detectors (some types 
of diodes and diamonds) to measure depth-dose distributions for the purpose of 
deriving TRP^Q. Significant discrepancies between the reading of some detectors 
and that of a reference ionization chamber at different depths have been reported 
which in certain cases might result in absorbed dose deviations above 1% [82, 83] 
(see Figs 4(a) and (b)). A solid state detector whose response has been regularly veri
fied against a reference detector (ion chamber) should be selected for these 
measurements. 
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FIG. 4(b). Relative depth-dose distributions obtained with a silicon diode, a diamond detec
tor and an ionization chamber (NE-2561) in water using a 20 MV clinical photon beam. 
Results are normalized to unity at a depth of 10 cm [82]. 

5. NK BASED FORMALISM AND DETERMINATION OF 
iyD,air FOR PLANE PARALLEL IONIZATION CHAMBERS 

5.1. FORMALISM 

The formalism given in the IAEA Code of Practice, TRS-277 [1], for the deter
mination of the absorbed dose to water in high energy photon and electron beams 
has been adopted in the present section. It is based on the use of an ionization 
chamber having a calibration factor in terms of air kerma, NK, supplied by an 
accredited dosimetry laboratory (PSDL or SSDL) and therefore traceable to national 
and international standards. The reference quality Q0 is usually gamma rays from a 
^Co source. From the chamber's NK value, the absorbed dose to air chamber factor 
at the reference quality, Â D air Qo, is obtained following the procedure given for the 
ionization chambers recommended in Ref. [1], which are usually of cylindrical 
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(thimble) type. As was already discussed in Section 2, in the present report /Vb.air 
includes the factor &cel. The formalism is based on the assumptions that (i) the 
volume of air in the sensitive region of the chamber cavity and (ii) the average energy 
required to produce an ion pair, W3ir, [84] are identical in the user's beam quality 
Q and at the calibration quality Q0. Therefore, Â o.air.Q = ND-air Q0

 = ^D,air-
The absorbed dose to water Dv Q in the user's beam of quality Q, when the 

effective point of measurement of the ionization chamber Peff is positioned at the 
reference depth, is given by 

Av.Q^eff) = MQ NDair 0W. ail.)g pQ (5.1) 

where MQ is the reading of the ionization chamber and electrometer system in the 
user's beam, corrected for influence quantities (temperature, pressure, humidity, 
saturation, etc.; see Section 7.1.2), NDair is the absorbed dose to air chamber 
factor, (Vair)o. is the stopping power ratio, water to air, in the user's beam, and PQ 
is an overall perturbation factor for the ionization chamber. 

Note that/?Q in Eq. (5.1) replaces the perturbation factor pn in Ref. [1]. The 
factor pq is the product of the various perturbation correction factors for the ion 
chamber at quality Q, namely /?wa|,, pcav and pcei. The first two factors correct for 
the lack of phantom equivalence of the chamber wall and for the perturbation of the 
electron fluence due to differences in the scattering properties between the air cavity 
and the phantom, respectively. The factor pcel corrects for the effect of the central 
electrode of the chamber during in-phantom measurements, i.e. it is not a global fac
tor as in Ref. [1]. Updated information on all these factors since the publication of 
Ref. [1] is given in Section 2. Perturbation in plane parallel ionization chambers is 
discussed in detail in Appendix C. 

5.2. DETERMINATION OF ND,air FOR PLANE PARALLEL CHAMBERS 

Several different methods have been proposed by Mattsson et al. [52] for 
obtaining the absorbed dose to air chamber factor NDair for a plane parallel cham
ber. These methods fall into two broad categories. In the first one, a standards 
laboratory calibrates the chamber in terms ofNK and then iVD,air is obtained theoreti
cally. In the second one, the user determines ND.air directly by experimental inter-
comparison with a reference ion chamber having a known iVo.air factor. These 
procedures have been extensively discussed in Ref. [85] and in the recent TG-39 pro
tocol of the AAPM [5]. 

Methods in the first category are generally performed in a ^Co beam at the 
standards laboratory, either in air [4, 5, 52] or with the chamber placed close to the 
depth of dose maximum in a plastic phantom [2, 52]. The in-air method requires the 
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plane parallel chamber factors km and km to be known for the particular plane 
parallel chamber and buildup layer combination. The in-phantom method requires 
a composite factor, generally designated by £pp, which involves km km and addition
ally a correction for backscattering from the phantom [2, 52]; there has been 
insufficient work on determining kpp for most ion chambers. In addition, the deter
mination of air kerma in a phantom will be sensitive to field size and beam profile. 
This method will therefore not be considered further. The factor /catt, which corrects 
for attenuation and scattering in the walls and the buildup layer, has been determined 
by Monte Carlo simulation for a number of different plane parallel chambers 
[24, 26, 48]. The factor km, which corrects for the non-air equivalence of the 
chamber and the buildup layer, is far more problematical. It has been demonstrated 
both experimentally [33, 47] and by Monte Carlo simulation [48] that the simple two 
component formula for the effect of an intermediate thickness chamber wall in 
photon beams [42], used in Ref. [1] for cylindrical chambers, does not work for 
plane parallel chambers because of their generally inhomogeneous design (see 
Appendix C for a fuller discussion). Instead, the composite kmkm factor has been 
determined experimentally [49] and by Monte Carlo simulation [48] for most types 
of plane parallel chamber and buildup layer combination. However, significant 
chamber to chamber variations in kMkm have been found for a given model 
[30, 50]; this calls into question the validity of such universal factors and means that 
this method of determining iVo.air has an undesirably large uncertainty. 

Methods in the second category are generally performed in the user's beam, 
either ^Co or high energy electrons [52]. The NDiir chamber factor is obtained by 
comparison with a reference ionization chamber having a known chamber factor. 
Both chambers are alternatively positioned at a reference depth in a phantom, and 
the unknown Ab.air is obtained from equating the absorbed doses with the two 
chambers (see below). 

The use of a ^Co beam has several disadvantages. Our knowledge of the wall 
perturbation factor pwM for the various plane parallel chamber/phantom combina
tions is subject to the same limitations as those discussed above for the case of km 

and expanded upon in Appendix C. Furthermore, the existence of two different sets 
of displacement factors [19, 40] or the revised shift of the effective point of measure
ment for cylindrical chambers [3, 21] at ^Co will add further uncertainty to the 
calibration of the plane parallel ionization chamber. 

The alternative method for the user to experimentally determine NDiir is to 
perform the intercomparison of the two chambers in an electron beam with an energy 
high enough to minimize the cavity perturbation effect of the reference chamber at 
the reference depth. This is achieved at electron incident energies close to or above 
15 MeV. The two chambers are positioned in the plateau region of the depth-dose 
distribution. One source of uncertainty of this alternative is the reference chamber 
having a metallic central electrode, as then the correction factor pcel has to be taken 
into account. Recent controversies on the value of pcel both in ^Co and in electron 

27 



beams [21] have been resolved by Monte Carlo simulation [27], which has yielded 
a set of correction factors consistent with recent experimental work. 

The calibration of plane parallel ionization chambers in high energy electron 
beams is the procedure originally recommended by TRS-277 [1], AAPM [7], 
SEFM [8] and other dosimetry protocols, and it is the main recommendation of the 
recent AAPM [5] protocol specifically for plane parallel ionization chambers and of 
the UK protocol on electron dosimetry [6]. It is the main recommendation in this 
Code of Practice. If it is not possible for the user to follow this recommendation, 
then one of the methods involving irradiation of the plane parallel chamber in ^Co 
will have to be used at the cost of a higher uncertainty in the value of A^air- The 
details of the procedure to be followed for these alternative ^Co based methods are 
described in Section 5.4. 

5.3. THE ELECTRON BEAM METHOD 

It is noted that this method can in principle be applied to determining ND,air 

for any chamber that is to be used in electron or photon beams, e.g. a second cylin
drical chamber, provided that A^air >s already known for a reference chamber 
[8, 86]. Consequently, the chamber to be calibrated (not necessarily plane parallel) 
and the reference chamber will be denoted by x and ref, respectively. 

Following the formalism defined by Eq. (5.1), and equating the absorbed dose 
at the reference depth with the two chambers, we obtain the expression for NDiiT 

for the chamber x to be calibrated: 

i^ref _ref _ref nref 

Nh air = < a i r — f , ™ » f W c e l (5.2) 
M PwallPcavPcel 

where the numerator and the denominator correspond to the Dw determination using 
die reference chamber (usually cylindrical) and chamber x, respectively, and the 
stopping power ratios cancel out. Hfe( and AT are ratios of the readings of the two 
chambers to those of an external monitor to take into account possible accelerator 
output fluctuations. They must be corrected for the polarity effect, for recombina
tion, and for temperature and pressure. 

Note thatpJJa
fn for the reference chamber is unity as recommended reference 

cylindrical chambers are assumed to have negligible wall effects in electron beams 
[37, 53]. For most plane parallel ionization chambers and at the energies recom
mended for the calibration, the factors p£av and /J^aii are practically unity (see 
below). The factor pjel is not relevant for plane parallel ionization chambers, but as 
the procedure can also be extended to cylindrical ion chambers it has been retained 
in Eq. (5.2). If x is a cylindrical chamber the value of plav should be interpolated 
from the data from Johansson et al. [37]. 
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5.3.1. Choice of phantom 

The requirement here is that the two chambers to be compared are exposed to 
the same electron fluence. High accuracy in the relative positioning of the two instru
ments is essential. The phantom material should preferably be the same as that used 
for the absolute dose determination. This automatically ensures that the overall 
effects of any perturbation due to differences in backscattering between the material 
behind the cavity and that of the phantom (i.e. the component of pQ due to pwM) will 
be minimized. Water is the preferred material (see Section 7). If a plastic phantom 
is used then precautions must be taken to ensure that charge storage effects do not 
distort the measurements; plane parallel chambers are affected much less than cylin
drical chambers in this respect [66]. Conducting materials are preferable, such as 
A-150. The use of epoxy based water substitutes appears to reduce charge storage 
effects. If these materials cannot be used then the phantom should be made up of a 
series of sheets, each not thicker than 2 cm (see Section 3). 

5.3.2. Reference conditions and experimental set-up 

As discussed above, the energy of the electron beam should be as high as 
possible in order to minimize the perturbation due to the air cavity of the reference 
chamber. As a guide, p ^ t should be within 2% of unity (see Table XI). For a cylin
drical reference chamber with an internal radius of 3 mm (approximately Farmer 
type), this means that£0 should be no lower than 15 MeV but should preferably be 
as high as possible;l4 the lower limit on E0 may be lowered if the chamber radius 
is smaller. 

The depth should be the same as the reference depth zref used for absorbed 
dose determination in the chosen high energy beam (see Section 7.1 and Table X). 
The SSD should be 100 cm, and the field size should approximately be 12 cm x 
12 cm or larger; this is not critical. The chambers are to be placed with their respec
tive effective points of measurement, Peff, at the same depth (see Fig. 15). The 
reference monitor should be positioned preferably within the phantom, along the 
major axis of the transverse plane, at the same depth as the chambers and at a 
distance of approximately 3 to 4 cm; if the monitor is positioned in air, possible 
temperature drifts should be taken into account. If a plastic phantom is used, then 
Section 7 should be consulted in order to determine the appropriate value of zref in 
the plastic material; it can be assumed that p'^ is the same in plastic as in water at 
the same £,. 

14 Bremsstrahlung contamination produced in the accelerator treatment head might 
limit the use of high energies. Old accelerators with thick scattering foils will generally yield 
the maximum contamination. A maximum mean energy at the surface of about 22 MeV is con
sidered reasonable. 
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5.3.3. Choice of reference chamber 

The reference chamber should be chosen in order to minimize the uncertainties 
in determining D(Peff). This implies that Affair a n ^ the perturbation factors in 
Eq. (5.2) should be known as precisely as possible. This can be achieved by choos
ing a fully homogeneous cylindrical chamber, e.g. graphite walled (with a graphite 
buildup cap when Ng* was determined in order to reduce me uncertainty on km in 
the expression for A^0f

air) with a graphite central electrode. In practice, an 
aluminium central electrode and a plastic buildup cap introduce a slight increase in 
the uncertainty but this is still acceptable. 

A Farmer type chamber, i.e. of approximately 6 mm internal diameter and 
1 mm electrode diameter, for the reference cylindrical chamber is recommended 
here as a great deal of experience has been gained with such chambers and the cor
rection factors can be said to be well known [87, 88]. The choice of a chamber with 
a radically different geometry, e.g. a very thick central electrode, can lead to larger 
uncertainties. A chamber may be radiographed to check.that the electrode is posi
tioned centrally in the cavity and to verify that its dimensions correspond to the 
manufacturer's specifications. 

5.4. ALTERNATIVE CALIBRATIONS OF PLANE PARALLEL 
ION CHAMBERS IN A ^Co BEAM 

Alternative methods for obtaining the absorbed dose to air chamber factor 
^D.air for a plane parallel chamber based on measurements made in a ^Co beam 
have been introduced in Section 5.2. They are classified into two categories, gener
ally depending on the institution where the calibration is performed. The in-phantom 
method is generally performed in the user's beam at the hospital, although it can also 
be performed at die standards laboratory. Measurements free in air are usually per
formed in a ^Co beam at the standards laboratory. 

5.4.1. Calibration at depth in a phantom 

This method has been described by several authors. First by Mattsson et al. 
[52] and then in more detail by Attix [89]. Several investigators have also compared 
this approach to the other procedures (electron beam and ^Co in air) [90-92]. 

The approach is based upon the determination of NDajr from the knowledge of 
the absorbed dose in the phantom determined with a calibrated reference chamber, 
like that recommended in the electron beam method, but in this case irradiated with 
a ^Co beam. Thus, Eq. (5.2) applies. As stated in Section 5.3, pcei is not relevant 
to plane parallel chambers but should be taken into account for cylindrical chambers 
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having a metallic central electrode. The perturbation pcm may be taken as unity for 
both chambers in ^Co. Equation (5.2) then reduces to 

j^ref ref ref 

^D.air * D . a , r M p p ^ (5-3) 

where p™f
3ii and p^\ are perturbation factors of the reference chamber at ^Co; 

Pcd is unify f° r a graphite electrode and 0.994 for a Farmer type chamber. The 
standard SSD for a ^Co unit and a field size of 10 cm X 10 cm at the surface 
should be used. In this method the effective point of measurement for both chambers 
should be placed at a reference depth of 5 g-cm"2 in a phantom that matches the 
plane parallel chamber material (to minimize p^a\, for details of suggested phan
toms see Ref. [89]) or in water if the /?Saii factor is known. For cylindrical 
chambers in ^Co beams Peff is positioned at a distance equal to 0.6r from the centre 
of the chamber (see Section 2). 

It is important to note that, when a non-water phantom is used, Ref. [1] does 
not provide a direct determination of the perturbation pwan at ^Co as absorbed dose 
should only be determined in a water phantom. This can be circumvented by 
replacing 'w' by 'med' in the expression to calculate pwal] (pu in Ref. [1]). The per
turbation factor of the reference chamber is determined according to the general 
equation that takes into account the thin waterproofing plastic or rubber sleeve 
normally used to protect the chamber in a water phantom (see also Refs [43, 44]): 

n r e f 
Fwall 

_ a ^wall.air V êrr P)med,wall "*" T ^sleeve.air (Men'P/med.sleeve "*"( 1 — q — T)Sme(j a j r 

^med.air 

(5.4) 

where 'med' is the phantom material and a and T are the fractions of ionization due 
to electrons arising from the wall and the waterproofing sleeve, respectively. A fit 
to the available data for a [93] is given in Eq. (10.10a). By applying this fit to the 
combined thickness of the wall and the sleeve and substracting a from this, an 
expression for r is obtained (see Eq. (10.10b)). This ensures that a + T < 1. 

Because of the uncertainty in the effective point of measurement for cylindrical 
chambers the centre of the reference detector can be placed at the depth of 5 g • cm"2 

and a displacement factor pjfs
f added to the numerator of Eq. (5.3): 

t^_ Pr:lup$r'e( Mrei _ret _rei _rei 
Mrr _ WIC1 P wall P eel Pdis ,<- , , 
"D.air ~ "D.air . „ „ ~ P - - 5 / 

This has the advantage that the centres of any cylindrical ionization chambers 
used in the phantom are at the same depth, independent of the diameters of the cham-
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bers. The approach, however, raises questions as to the correct value for the dis
placement factor of cylindrical chambers [21, 40, 89] so that the two options, jPeff 

or pdls, have similar uncertainties. The choice of one or another method should be 
made depending on local preferences for phantom design. Experimental data for/?dis 

given in Section 10 are taken from Ref. [37]; they are consistent with the position 
of Pef{ given above. 

As discussed above (see also Section 9 and Appendix C), the perturbation fac
tor /?PP|i in ^Co beams is the major source of uncertainty in this procedure and the 
reason why the electron beam method for the calibration of plane parallel ionization 
chambers is the preferred option in this Code of Practice. Differences in p^M close 
to 2% have been reported, either between Monte Carlo calculations and experimental 
data [48], or due to chamber to chamber variations for chambers of the same type 
(from me same or from different manufacturers) [50]. It has to be emphasized that 
/>S£n depends on the phantom material used for the calibration. 

Recommended factors for this procedure are given in Section 10. 

5.4.2. Measurement free in air 

This method is similar to the free in air approach used with cylindrical cham
bers in standards laboratories. The air kerma rate, free in air, must be known at the 
position of the cavity centre, and iVK of the plane parallel ionization chamber is then 
determined. 

The plane parallel ionization chamber with appropriate buildup material is 
placed free in air in a ^Co beam, its centre positioned at the point where Kiir is 
known. The buildup material should have the same outer dimensions as the chamber 
and preferably be of the same material as the predominant material of which the 
chamber is constructed (see Table II). The thickness of the buildup material should 
be at least 0.5 g-cm"2. A source to cavity centre distance of 100 cm and a field size 
of 10 cm x 10 cm should be used. 

The procedure yields the JVK calibration factor of the plane parallel chamber 

A£P = — (5.6) 

and if the product km km is known, Mxair is determined according to the well-known 
expression 

< W = AW1 ~ 8)kMkm (5.7) 

where for plane parallel ionization chambers kcel is not involved. In principle, this 
procedure is used together with a universal value of kmkm for a given type of plane 
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parallel ionization chamber. The limitations of this approach increase considerably 
the estimated uncertainty, as already pointed out in Section 5.2 (see also Section 9). 

In the present Code of Practice, values of kM km given in Section 10 have 
been determined by using a weighted mean from a survey of published experimental 
values and Monte Carlo calculations for various commercial parallel plate ionization 
chambers [48]. Rogers [48] performed Monte Carlo calculations of the wall attenua
tion and scatter correction factors, l/kM, and a correction for the non-homogeneous 
composition of the chamber (related to km). Since the scatter from the material 
around the cavity can overcompensate the attenuation in the front wall (with buildup 
material), kz„ may be greater than unity. The correction for non-homogeneous com
position can also be significant. The thin collectors or insulators behind the collecting 
volume can have a major effect due to changes in the electron backscattering. The 
agreement between calculated and experimentally determined Aatt̂ m values was 
generally within 1 %. Monte Carlo calculated values of km should be considered 
with caution, however, for determining calibration factors of plane parallel ioniza
tion chambers [94]. 

6. NDyW BASED FORMALISM AND DETERMINATION 
OF iVDw FACTORS FOR PLANE PARALLEL 

IONIZATION CHAMBERS 

The various steps between the calibration of ionization chambers at the stan
dards laboratories, and the determination of absorbed dose to water at hospitals 
introduce undesirable uncertainties into the realization of Dw [95-97]. Different fac
tors are involved in the dosimetric chain that starts with the quantity KaiT measured 
in air using a ^Co beam and ends with the absorbed dose to water measured in 
water Dw, using clinical beams. Uncertainties in the chain mainly arise from con
versions performed by the user at the hospital, for example, the km and katt fac
tors [19]. Recent investigations have also reported discrepancies between these 
factors given in the Code of Practice [1] and those determined experimentally for 
some cylindrical ionization chambers [86, 88]. The transfer of NK to ND^iT (or Ngas) 
means that in practice the starting point of the calibration of clinical beams already 
involves a considerable uncertainty. 

Reich [98] proposed the calibration of therapy level dosimeters in terms of 
absorbed dose to water, stressing the advantages of using the same quantity and 
experimental conditions as the user. The approach was not followed by the interna
tional community, mainly because at that time no standard of absorbed dose to water 
was available and most countries adopted the formalism based on NK (or Nx, where 
X is the exposure in a ^Co gamma ray beam), the procedures being described in 
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detail in dosimetry protocols. The development of standards of absorbed dose to 
water at PSDLs has been a major goal during recent years and still continues its 
development [12]. In the last few years, procedures to determine absorbed dose to 
water using methods to measure appropriate base or derived quantities have con
siderably improved at the PSDLs. The well established procedures have been the 
ionization method, chemical dosimetry and calorimetry. Although none of them 
except the water calorimeter allows the direct determination of the absorbed dose to 
water in a water phantom, the required conversion and perturbation factors are 
available today at some laboratories [14]. These developments support a change in 
the quantity used at present to calibrate ionization chambers, i.e. NK, replacing it by 
a calibration factor in terms of absorbed dose to water. 

6.1. FORMALISM 

The formalism for the determination of absorbed dose to water in photon and 
electron beams using an NDw based calibration factor has been given in detail by 
Hohlfeld [10] and implemented in DIN-6800 [13]. Complementary work on this 
topic establishing the parallelism with Ref. [1] and extensions of the formalism have 
been developed by different authors (see, e.g., Refs [18-20, 86]). The absorbed dose 
to water at the reference point of the chamber (see footnote 4 on Section 2) in a phan
tom irradiated by a beam of reference quality Q0 is given by the simple relationship 

D«.Q0 = •WQQ^D.W.QO (6.1) 

where NDVIQ0 is obtained at the standards laboratory from the knowledge of the 
standard quantity absorbed dose to water at the point of measurement in water for 
the calibration quality Q0. 

As already mentioned, efforts are at present being addressed to providing 
^D.W.Q calibrations for photon beams, mainly ^Co gamma rays and, to a lesser 
extent, high energy photon and electron beams [14-18]. A practical approach in 
common use is to provide users with N D W Q 0 , i.e. calibration at the reference 
quality ^Co, and to apply beam quality correction factors &Q for other beam quali
ties [10, 13]. For beams other than the reference quality the absorbed dose to water 
is then given by 

AV.Q = A/Q %„.(}„ A:Q (6.2) 

where the factor kQ corrects for the difference between the reference beam quality 
(2o and the actual quality being used, Q. The value of kQ should ideally be deter
mined experimentally at the same quality as the user's beam, although this is seldom 
achievable. When no experimental data are available, an expression for kQ can be 
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derived comparing Eq. (6.2) with the formalism in Ref. [1]; this ensures consistency 
with the ND air procedure when AQ is calculated with the data in TRS-277 
[10, 19,20]. ' 

A general expression which includes the ratio (Wair)Q/(Wik)Q0 has been given 
in Refs [19, 861: 

ir)Q (^air>Q _PQ_ ,g g . 

(•Vair)Q0 (^air)Q0 PQ0 

which can be used in any type of therapeutic beam. The different factors have the 
same meaning as in the previous section. The overall perturbation factors pQ and 
pQo include />wan, /?cav, pcel and pdis, as the reference point of a cylindrical ion 
chamber is the centre of the cavity volume.I5 In therapeutic electron and photon 
beams, the general assumption of (Wair)Q = (Wair)Qo

16 yields the better known 
equation for kQ: 

kQ = - ^ I r k £2 . (6.4) 
(•Vair)Q0 PQo 

which depends only on ratios of stopping power ratios and perturbation factors. It 
should be noted that the chamber dependent correction factors km, km and fccel are 
not involved in the definition of kq. The only chamber specific factors involved are 
the perturbation correction factors pQ and PQQ. 

The connection between the NDail and the ND,W based formalisms is estab
lished by the relationship 

ND.W.Q = #D,air (Vair)(}/>Q ( 6 - 5 ) 

In principle, Eq. (6.5) could be used to determine NDiiT independently of the fac
tors katt, km and fccel. 

6.2. DETERMINATION OF AfD,w FOR PLANE PARALLEL CHAMBERS 

As in the case of the ND,air based formalism, two broad categories can be dis
tinguished for the calibration of plane parallel ionization chambers, one where stan
dards laboratories calibrate the instrument and another where the user determines 

15 In plane parallel ionization chambers the reference point is on the inner side of the 
front wall, coinciding with j°eff; therefore pdis is not required. 

16 Note that this is the same assumption as for the independence of ND air with the 
quality of the beam (see Section 5.1). 
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ND.W.Q by experimental intercomparison with a reference ion chamber having a 
known ND w<Q factor. The latter case is, in practice, equivalent to the determina
tion of the A'o.air factor discussed in Section 517 as can be inferred from Eq. (6.5), 
and the traceability of the procedure to primary standards is guaranteed through the 
calibration of the reference chamber. 

The use of ^Co as reference quality for determining NDwQ(j for plane 
parallel ionization chambers is an attractive possibility, especially for most SSDLs. 
Using the formalism at other qualities (both high energy electron and photon beams) 
requires, however, the knowledge of p^ at ^Co in Eq. (6.4) which enters in kq; 
this is the main drawback of this procedure as stressed in Section 5 and in Appen
dix C. This is also the case for the alternative option which enables users to 
determine A^P

W-Q directly by experimental intercomparison in a ^Co beam with a 
reference ionization chamber (cylindrical in this case, where PQ is more precisely 
known) having a known A^D.W.Q0 factor. 

The approach of standards laboratories providing ND.W.E directly for plane 
parallel ionization chambers at some electron reference quality Q0 = E would a pri
ori be the most straightforward and desirable method. For most commercial plane 
parallel chambers kQ consists of a ratio of stopping power ratios at two electron 
beam qualities (see Eq. (6.4)), die one actually being used and the reference quality 
E, as perturbation factors are close to unity; for other chambers both /?cav and pwan 

have to be considered in pQ. An advantage of this method is that uncertainties 
associated with the procedure of selecting stopping power ratios in electron beams 
(see Appendix B) partly cancel out. 

Unfortunately the possibility of performing A^D.W.E calibrations is not available 
in most standards laboratories.18 In spite of its intrinsic limitations the calibration in 
a ^Co beam is the only alternative available today and users should be aware of the 
uncertainty associated with the use of universal pQ factors at ^Co for plane parallel 
ionization chambers, discussed in other sections of this Code of Practice.19 

17 TRS-374 [31] calls System II of dissemination of standards the procedure where 
the primary standard /sTair is used to calibrate a secondary standard (or reference chamber) in 
air kerma with the chamber in air. The secondary standard is used to determine absorbed dose 
to water with the chamber in a water phantom. The field instrument is calibrated in absorbed 
dose to water by comparison with the reference chamber. 

18 The technique is under development in the UK [16]. 
19 The procedure corresponding to the electron beam method to obtain ND air, based 

on a comparison in electron beams of the plane parallel chamber with a cylindrical chamber 
having a factor A^f

w,c . yields a calibration factor iV"w-E that is not only dependent on the 
quality of the incident electron beam, E, but, like stopping power ratios, also depends on the 
depth of measurement. This is a clear disadvantage compared with photons ('"Co and high 
energy X rays), where the beam quality remains almost constant with depth. 
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6.3. CALIBRATION IN A ^Co BEAM 

This method was first discussed by Mattsson et al. [52], who described the 
calibration of NACP chambers at a depth of 5 g -cm"2 in a graphite phantom where 
the absorbed dose to graphite was known for irradiation with ^Co gamma rays. 
Standards of absorbed dose to water are available today and measurements are conse
quently performed in water [99]. Depending on the institution where the calibration 
is performed, this can be done against a primary standard of absorbed dose to water 
or by comparison with a local reference. The latter procedure can be performed 
either at the SSDL or at the hospital,20 and is the most common approach. 

It is assumed that the water absorbed dose rate is known at 5 cm depth in a 
water phantom for ^Co gamma rays. This requires the transfer from the PSDL to 
the SSDL or the hospital of the absorbed dose to water standard by means of cavity 
ionzation chamber measurements at depth in a water phantom. The plane parallel 
chamber is placed with its reference point at a depth of 5 cm in a water tank where 
the absorbed dose to water Dw is known and A / ^ Co is obtained from 

Aft.*. - j± (6.6) 

Z)w is obtained using a reference chamber having a calibration factor Nof.w.co-
The calibration factor for the plane parallel chamber becomes 

Mre{ 

Aftw.co = A C c o -r=z (6-7) 

where it is assumed that the centre of the reference chamber is positioned at the depth 
of measurement. The alternative use of Peff is also a valid option (compare 
Eqs (5.3) and (5.5)). All experimental conditions are identical with those for the 
determination of NGA\, m ^Co using in-phantom measurements. 

20 The calibration of a field instrument at the hospital in terms of absorbed dose to 
water by comparison with a local secondary standard (NE-2561) having a calibration factor 
ND.W.Q0 has been recommended in the UK for *°Co and high energy photon beams [100]. 
TRS-374 (31] calls this method System III of dissemination of standards. This Code of 
Practice endorses the method for plane parallel ionization chambers when Q0 is a "̂ Co 
gamma beam. 
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7. USE OF PLANE PARALLEL CHAMBERS 
IN ELECTRON BEAMS 

Plane parallel ionization chambers in electron beams can be used both for abso
lute and relative measurements, and this section deals separately with both aspects. 
Section 7.1 describes absolute dosimetry with regard to the determination of 
absorbed dose to water at a reference depth under so-called reference conditions. 
Conditions other than reference conditions, mainly relative distributions of absorbed 
dose, are dealt with in Section 7.2. 

The electron beam quality or energy range where the use of a plane parallel 
chamber is recommended was stated in Ref. [1]. For measurements in electron 
beams of energies below EQ - \0 MeV, plane parallel ionization chambers are 
recommended and must be used below E0 = 5 MeV (cylindrical chambers having 
a radius of less than 2 mm may be used between 5 and 10 MeV but the uncertainty 
in Dw increases). However, plane parallel chambers are also very suitable for use 
above E0 = 10 MeV, especially if the cavity perturbation factor of a cylindrical 
chamber departs considerably from unity for the irradiation conditions concerned. 

7.1. DETERMINATION OF THE ABSORBED DOSE TO WATER 
UNDER REFERENCE CONDITIONS 

7.1.1. Reference conditions 

Reference conditions regarding the irradiation geometry for absorbed dose 
measurements in electron beams are identical with those given in Ref. [1]. Emphasis 
is given to the recommendation for a specific reference depth zref in a water 
phantom, i.e. not always at the depth of dose maximum 7?IOo for all energies. This 
is also the recommendation of the ICRU report on electron beam dosimetry [22]. 

Reference field sizes ought to be large according to the criterium given for the 
electron beam quality specification, the reason being that stopping power ratios have 
been calculated for broad beam conditions. The actual selection of the reference field 
size is, however, not critically dependent on stopping power ratios provided that not 
too small field sizes are used. Figure 5 shows the depth variation of sw,air for 
monoenergetic electron beams, including the field size dependence, where it can be 
seen that radii of 5 or 6 cm give practically the same sw.air a s broad beams. It has 
to be stressed that the final choice of the reference field size should be made by the 
user considering the field flatness of the clinical beam. Some accelerators deliver 
broad beams for which the lack of homogeneity at the plane of measurement would 
introduce a larger uncertainty than that due to the field size dependence of the 
stopping power ratio. In these cases it is preferable to use smaller field sizes at all 

38 



o 
^ 
(0 
*-
fc-
o 
5 
Q 
Q. 

D) 
C 
Q. 
Q. 
O 
** w 

>. 
F 
« < t o 

> — » • 

3 
1 -

re 
i -

d> 
« 

1.15 

1.10 

1.05 

1.00 

0.95 

0.90 

Field size dependence 
/StAeVf 

• i / l 0 MeV jf^ 

J Jf A/ 25 MeV 

of 

4 

"1 T ' < ""* | i • » • 

s for electron beams 
w.alr 

• 

• V , , ' ' -

SO MeV 

50 100 150 200 
Depth in water (mm) 

250 

FIG. 5. Field size dependence of water/air stopping power ratios for electron beams deter
mined with Monte Carlo calculations. Radii shown are: for 5 MeV, 1 cm and broad beam; 
for 10 MeV, 1 cm, 2 cm and broad beam; for 25 MeV, 1 cm, 3 cm, 5 cm and broad beam; 
for 50 MeV, 1 cm, 4 cm, 6 cm and broad beam. The solid curves pertain to the broad beams. 

energies (10 cm x 10 cm). For clinical use, output factors should be normalized to 
the chosen reference field. It is important to note that this discussion solely concerns 
the reference field sizes; whatever criterion is adopted for this purpose, the 
determination of R50 must be carried out according to Section 4.1. 

The irradiation geometry can be horizontal or vertical, depending on the user 
experimental facilities, with SSD = 100 cm (or the usual treatment distance) and the 
selected reference field size at the phantom surface. The recommended reference 
depth, zKf, where the inner side of the front window of the plane parallel ionization 
chamber is positioned, is given in Table X. It is stressed that only for energies below 
5 MeV is the depth of the maximum of the distribution (depth-dose or ionization), 
/?ioo, the only recommended reference depth. For higher electron beam energies the 
user should choose the larger depth of the two alternatives given in the table. The 
reason for this is not only to decrease the contribution of contaminant electrons that 
could otherwise reach the detector, but also to position the ionization chamber at a 
depth closer to the region where the selection procedure of stopping power ratios of 
clinical beams, swair(£0, z), works better (see Appendix B). 
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7.1.2. Correction for influence quantities 

The calibration factors of an ionization chamber are only valid for the 
reference conditions used during the calibration or derivation of ND ajr and ND w. 
The so-called influence quantities that affect the reading of a chamber are tempera
ture, pressure, dose rate, polarity, etc. Any departure from the reference conditions 
when using the ionization chamber in the user's beam should be corrected for by 
using appropriate factors. 

Before measurements are made, enough time should be allowed for the 
measuring system to reach thermal equilibrium. It is always advisable to pre-
irradiate the ionization chamber with 2 to 5 Gy to achieve charge equilibrium in the 
different materials. It is especially important to operate the measuring system under 
stable conditions whenever the polarity or the bias voltage are modified, which, 
depending on the chamber and sometimes on the polarity, might require several 
minutes (Fig. 6). Leakage current should always be measured and should be insig
nificant compared to the current obtained during the radiation exposure (less than 
approximately 0.1 %). If this is not the case, it is preferable not to use the chamber; 
failing that, the measurement should be corrected for leakage. 

c 
o 
E 
CO 

c 
o 
>< 
0) 
CO 

o 

V 
N 

"5 
£ 
o 
C 

< 

-0.4 

-0.8 

10 MeV electrons 
15 cm x 15 cm 
z = 2.5 cm 

10 20 30 
t (min) 

FIG. 6. Variation of chamber response with time for commercial plane parallel ionization 
chambers when the polarity of the bias voltage is changed. The chamber response might vary 
from chamber to chamber of a given type [55]. 
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The polarity effect of plane parallel ionization chambers must always be cor
rected for, particularly for low energy electrons. The mean value of the current (or 
charge) measured at both polarities is considered to be the best approximation to the 
true ionization current. Some plane parallel ionization chambers exhibit a rather 
large polarity effect (greater than 1 %, see footnote 10 and Table I in Section 3) and 
should not be used for absolute measurements. It can be noted that the maximum 
allowed polarizing voltage is limited by the chamber design. It is thus sometimes not 
possible to operate the chamber with an acceptable collection efficiency. This might 
pose a limitation on the utilization of plane parallel chambers for absolute ionization 
measurements in scanned electron beams. 

As the chambers recommended in mis document are open to the ambient air, 
the mass of air in the cavity volume is subject to atmospheric variations. The correc
tion factor 

_ P0 (273.2 + T) 
PTP (7.1) 

P (273.2 + T0) 

should be applied to convert the air mass to the reference conditions. P and T are 
the air pressure and temperature during measurements and P0 and T0 the reference 
values (generally, 101.3 kPa and 20°C). The temperature of the air in a chamber 
should be taken to be that of the phantom, which should be measured; this is not 
necessarily the same as the temperature of the surrounding air. Other precautions 
regarding the influence of temperature on the phantom can be found in TRS-374 
[31]. No corrections for humidity are needed if the ^Go calibration factor was 
referred to a relative humidity of 50%, but if referred to dry air a correction factor 
*h = 0.997 should be applied [101]. 

The change in response of a plane parallel ionization chamber with applied vol
tage can vary from chamber to chamber of the same make. The measurement of com
plete saturation curves of plane parallel ionization chambers provides a valuable tool 
for die analysis of die performance of the chamber. The so-called Jajfe plots (1/M 
as a function of 1/V, M being die chamber reading and V me polarizing voltage) are 
used for diis purpose in pulsed beams (Fig. 7). If the curve shows a pronounced cur
vature at the highest polarizing voltages, this usually indicates mat not only the vol
tage affects the degree of saturation of the chamber, but also mat other effects are 
superimposed onto this mechanism. Among tiiese otiier effects, the voltage depen
dence of the size or shape of die collecting volume, gas multiplication, increased 
charge collection from regions outside the designated collection volume, etc., can 
be pointed out [55, 102]. Therefore, a strong deviation from linearity at me highest 
voltages (where Boag's meory yields a straight line) indicates mat the shape of the 
saturation curve does not correspond to a true saturation curve, describing only the 
variation of the chamber saturation with voltage, but reflects the combined response 
of the chamber. Since it is usually impossible to correct for the additional effects, 
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FIG. 7. Response of one particular plane parallel ionization chamber when the bias voltage 
is changed. M is the chamber reading and V the polarizing voltage in the so-called Jaffe plot. 
The deviation from linearity at the highest voltages indicates that the shape of the saturation 
curve does not correspond to a true saturation curve, which only shows the variation of the 
chamber signal with voltage, but, instead, describes the overall response of the chamber. To 
obtain a measure of the true saturation correction using the two voltage technique, the read
ings at the two voltages, corrected by Boag's theory (dotted line intercepts on the ordinate), 
should be used instead of the uncorrected readings (solid line intercepts). 

extrapolation of the experimental curve to infinite voltage (\IV = 0) does not, in 
general, yield the true saturation current Af̂ ,. 

The correction for the lack of charge collection due to ion recombination 
should be performed according to the so-called two voltage method devised by Boag 
and Currant [103], This was also the recommendation of Ref. [1]. It is based on two 
measurements of the collected charges M\ and M2, using different voltages V{ (the 
normal operating bias voltage) and V2 for the same irradiation conditions. Strictly 
speaking, as the polarity effect will change with the voltage, Mj and M2 should 
already have been corrected for this effect. The ratio VXIV2 should be equal to or 
larger than 3. The recombination correction factor ps at the normal operating bias 
voltage K, is obtained from 

a0 + a, Ml 
M2 

+ a2 
M2 

(7.2) 
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where the constants a,- are given in Table VII for pulsed and for pulsed-scanned 
radiation. For measurements in ^Co beams the two voltage method should be 
applied according to Ref. [1]; Burns and Burns [104] have, however, pointed out the 
limitations of this procedure. 

It has been shown that the change in response with the applied voltage of some 
plane parallel ionization chambers is not linear in the interval used for the two voltage 
method or does not follow the predictions of Boag's theory [56, 102, 104] (see 
Fig. 7). In order to decrease its influence on the dosimetry procedure it is recom
mended here that the same V ratio be used for the determination of the calibration 
factor and for the absolute dose determination. 

In the case of conventional beams from clinical accelerators, the use of a 
simple analytical expression, based on Boag's theory [56] to account for volume 
recombination in plane parallel ionization chambers can also be used to obtain the 
recombination correction factor [13]: 

d2 

ps = 1 + 0.54 D - (7.3) 

where D is the average dose per pulse in mGy, d the electrode spacing in millimetres, 
and V the polarizing voltage in volts. The average dose per pulse refers to the air 
absorbed dose. Although this expression only takes into account the electrode spac
ing d, ignoring other differences between chambers, it is useful for the measurement 
of relative depth-dose curves (Section 7.2) as it avoids the detailed use of the two 
voltage method at each depth. 

7.1.3. Determination of the absorbed dose to water at the reference depth 

There are two alternative approaches to the determination of the absorbed dose 
to water in high energy electron beams of quality Q, depending on whether the 
chamber has an NDt3ir or an ND w calibration factor. 

When the plane parallel ionization chamber has an ND air factor, Dw is given 
by 

Av.Qteref) = AfoyVD,air(^w,air)Q (PcavPwall)Q (7-4) 

where the absorbed dose to air chamber factor ND air has been determined according 
to Section 5, and the inner surface of the front window (effective point of measure
ment and reference point) of the plane parallel ionization chamber is positioned in 
a water phantom at the reference depth zref. MQ is the electrometer reading cor
rected for influence quantities. 
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When the plane parallel ionization chamber has a calibration factor in terms 
of absorbed dose to water at a reference quality Q0, NDV/Q0 and the reference point 
positioned at zref, the absorbed dose to water at the reference depth is given by 

Av.Qferef) = MQND^QJCQ (7.5a) 

or, more explicitly, 

Av.Qfeef) = MQND,W,Q0 
(•Vair)Q (Pcavffwal^Q 

(•^w.aî Qo (Pcav/>wall)Q0 

(7.5b) 

The different factors will be described below. 
Stopping power ratios, Vair- As already pointed out, the mean energy at the 

surface E0 and the reference depth in water zref are used to select the value of this 
quantity in the user's beam, i.e. sW!ik(EQ, zKf). The set of stopping power ratios 
recommended in this Code of Practice is given in Table XVI; they are Spencer-Attix 
(A = 10 keV) stopping power ratios based on Ashley density effect corrections for 
water [58]. Compared with the stopping power ratios in Ref. [1], differences are 
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recommended in this report and those tabulated in TRS-2 77 flj and in several other dosimetry 
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in common use, relative to the NACP chamber, indicated by the dashed line drawn at ps = 
1.00. All the measurements were made at the depth of dose maximum and normalized to the 
quotient test chamber/NACP in a high energy electron beam. The full line is a fit to three 
separate measurement series on different accelerators using the PTW/Markus chamber [107]. 
The filled data points are measurements on three different PTW designs taken from Ref. [51], 
and renormalized so that p e = 1 for the NACP chamber; the unfilled symbols are for the 
Capintec-PS-033 chamber as given in Ref. [5], 

negligible for the most commonly used range of electron energies in radiotherapy, 
being close to 0.5% at most depths and high energies (see Fig. 8). As already 
mentioned in Section 2, the change to a new set of data is justified in terms of the 
lack of ambiguity in the corrections used and the higher accuracy of the present set. 
It is interesting to note that if the comparison is made with the Sternheimer based 
density effect correction to the collision stopping powers [58], differences compared 
to Ref. [1] would be larger at shallow depths (up to - 1 % for most energies) and 
slightly smaller at depths beyond 0.2 r0 [57, 105]. Details relevant to stopping 
power ratios in clinical electron beams in connection with the selection of swair 

are discussed in Appendix B. When the reference quality Q0 is a ^Co beam, 
Vair = 1.133 [1, 106]. 

Perturbation factors. Plane parallel chambers should, in general, exhibit 
negligible perturbation effects in electron beams if their design fulfils the criteria 
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given in Section 3. There is, however, clear experimental evidence that some 
chambers require a correction at low electron energies, as is discussed in detail in 
Appendix C. Figure 9 summarizes the findings of several experimental investiga
tions for the commonly used designs of plane parallel chambers. These data have 
been obtained by comparing one chamber against another reference chamber, 
generally the NACP model, with the assumption that the perturbation due to the 
latter is negligible; the evidence for this is reviewed critically in Appendix C. In such 
experiments it is not possible to separate the effects of the cavity, i.e. pcav, due to 
an inadequate guard ring width for example, from that due to electron backscatter 
differences between the material immediately behind the cavity and that of the 
phantom, which would be reflected in the factor pwan. Thus, it is the overall factor 
PQ that is obtained experimentally (strictly speaking, the ratio PQ/PQS). AS pvM is 
specific to the particular phantom material, the values in Fig. 9 [5, 51, 107] are 
strictly only applicable in that same material. However, the information onpwan is 
currently insufficient to make such distinctions with any confidence. Therefore, in 
the absence of more explicit data, the pQ values in the figure (given in Table XVII) 
are here considered to be applicable to measurements made in commonly used plastic 
phantom materials as well as in water. The pQ are given as a function of Ez but are 
strictly only applicable at or close to the depth of the dose maximum /?ioo, as that 
is how they have been determined. 

In the case of a plane parallel chamber with an A*b.w.Q0 factor, the perturba
tion factor at the quality Q0 is also required; in general this quality will be ^Co and 
the medium in which the A^D.W.Q,, factor was determined will be water. The value of 
Pcav,Q0 i

s taken to be unity provided that the chamber is placed with its Pe([ at the 
point where Dwater is known. The value of /?waii,Q0 is more problematical, as has 
been discusssed, for example, in Section 2 and in more detail in Appendix C. The 
limitations in our knowledge of />waii.Q0 when Q0 is ^Co mean that this method of 
deriving the NDWQQ factor, and hence the absorbed dose to water in an electron 
beam, has an undesirably large uncertainty (see Table VI). Values of pwall for the 
various designs of plane parallel chamber in ^Co radiation are given in Table XIII. 

7. J. 3.1. Measurements in plastic phantoms 

If absorbed dose measurements are made in plastic phantoms exactly the same 
expression for the absorbed dose to water is to be used, i.e. Eqs (7.4) or (7.5). This 
requires converting the meter reading in the plastic phantom, AfQpiastj<:, and the 
reference depth, zpiastj<;, into equivalent quantities in water. It should be emphasized 
that the quantity to be used for the determination of Dw is sWAit and not spiasuc.air-

The condition for the Bragg-Gray theory to be valid is that the air in the sensi
tive region of the chamber cavity senses the same electron fluence as that at the depth 
of interest in the undisturbed medium, in this case water. Firstly, a depth conversion 
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must be made in order to be able to use the table of sw,air(£o> z) provided in Sec
tion 10. The requirement is that the mean energy E. at depth zref waIer is the same as 
that at depth zref, plastic- As was already discussed in Section 4 .1 , the conversion is 
achieved by using the approximate relationship 

2ref. water a" ^ref.plastic "̂  ~~ ^pl \'-^) 

where puser should be determined by the user to avoid variations between different 
samples. Numerical values of Cp) and pab]e for phantom materials of interest are 
given in Table VIII. 

Secondly, the magnitude of the electron fluence in plastic may be different 
from that at the equivalent depth in water owing to differences between the scattering 
properties of the plastic material and water. A factor hm is employed to correct for 
this [52], which is given in Table XVIII for some common plastics. Thus, at equiva
lent depths one can write 

*«few s = Aplasticv^ref.plastic/ "m ( . ' • ' / 

where $ is the electron fluence. The meter reading is proportional to the dose to air 
in the cavity, which in turn is proportional to the product of the electron fiuence in 
the cavity and the mass collision stopping power in air, (S/p)coi,air [22]. However, 
as the spectra are very similar, the ScoUir term will be the same in both media. It 
can further be assumed that the fluences in the cavity are the same as the fluences 
in the respective media. Then, it is possible to write 

^Q.wteref.w) = ^ / Q , plastic Uref. plastic) ^m (7-8) 

The value thus obtained for MQIW (zrefiW) is then substituted into Eq. (7.4) or (7.5) 
which then yields the absorbed dose to water at depth zrefw in water21. 

7.2. DETERMINATION OF THE ABSORBED DOSE TO WATER UNDER 
NON-REFERENCE CONDITIONS 

When the absorbed dose has been determined at the reference depth under 
reference conditions the dose can be determined at any other point and for any other 
conditions from relative absorbed dose measurements. Examples of absorbed dose 

21 For simplicity, the index 'w', i.e. the default, is not explicitly written in equations 
other than in this section. 
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determinations under non-reference conditions are: central axis depth absorbed dose 
distributions, isodose distributions, transverse beam profiles and output factors as a 
function of field size and shape. The good geometrical resolution in the axial direc
tion, the well defined effective point of measurement and the small perturbation 
effect make plane parallel chambers well suited for measuring central axis depth ioni
zation distributions. However, the conversion from ionization to absorbed dose to 
water is not straightforward (see below). Output factors can be measured with plane 
parallel chambers under certain conditions. As with cylindrical ionization chambers, 
the chamber dimension limits the smallest possible field size for which it can be used. 
The electron beam should cover the chamber cross-section, with a margin on each 
side. Plane parallel chambers are unsuitable for measuring isodose distributions and 
lateral beam profiles owing to their poor geometrical resolution in the transverse sec
tion of the beam (perpendicular to the radiation beam axis). 

In electron beams the spectral and angular distributions of the primary fluence 
are strongly influenced by the constructional details of the accelerator and by the 
irradiation conditions. Even small differences from one accelerator to another or 
from one irradiation set-up to another may influence the distributions significantly. 
As the spectral and angular distributions change with depth and radial position, rela
tive absorbed dose determinations should preferably be measured with detectors for 
which these parameters have a small influence on the chamber response or on the 
ionization to dose conversion. Unfortunately such detectors are not readily available 
and are also often very laborious to use (for example, ferrous sulphate dosimeters). 
For routine clinical measurements air ionization chambers or diode detectors are 
therefore most commonly used. 

The use of air ionization chambers for relative depth-dose determination in 
electron beams is rather laborious owing to the amount of calculations involved. As 
is well known, an absorbed dose distribution differs from the measured ionization 
distribution. To derive the absorbed dose the appropriate stopping power ratios and 
perturbation factors have to be applied at each depth, and the former, especially, are 
strongly depth dependent. Certain influence quantities might also show a depth 
dependence which has to be taken into account through appropriate corrections, i.e. 
polarity and recombination. The selection procedure for the stopping power ratio at 
the reference depth is discussed in Section 7.1. For field sizes other than the refer
ence field size the stopping power ratios corresponding to the reference field size for 
the same electron beam should be used when converting from ionization to absorbed 
dose, as in electron beams the stopping power ratio is influenced only very weakly 
by field size (see Fig. 5). 

For most plane parallel ionization chambers recommended in this report the 
in-scattering and wall backscattering perturbation effects are assumed to be relatively 
insensitive to the measuring conditions. For the position of the effective point of 
measurement the same criterion as for absolute measurements is recommended, i.e. 
Peff is positioned at the inner side of the front wall of the air cavity for all depths. 
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For some chambers, however, both pcm and /?wall can vary with energy, and there
fore with the depth of measurement, although there are no definitive results on this 
aspect as the available data have been obtained from measurements at the depth of 
maximum absorbed dose, /?ioo-

When relative depth ionization curves are measured the variation in the collec
tion efficiency at different depths must be considered. In scattered electron beams 
and typical polarizing voltages used with plane parallel chambers the variation 
usually is less than about 1 %. However, in scanned electron beams at typically used 
polarizing voltages, variations of 10% or more, depending on measuring conditions, 
can be found at different depths. 

Plane parallel chambers are designed to have a small polarity effect for elec
tron energies used in radiotherapy; however, this effect can be significant on the fall-
off part of the depth ionization curve [73]. The polarity effect should therefore at 
least be checked at the depth of maximum ionization and at the depth of 50% ioniza
tion, and the necessary correction should be applied. 

Cylindrical ionization chambers are not recommended in the buildup region 
because of the uncertainty in the position of the effective point of measurement and 
because of practical problems associated with the chamber alignment procedure. 
Instead, plane parallel chambers are recommended. The measurements can be made 
in water or in plastic phantoms. If the measurements are made in a plastic phantom, 
scaling depths to the corresponding depth in water has to be done according to 
Eq. (7.6). Measurements made in water can be disturbed by the formation of a 
meniscus around the chamber housing. Owing to the finite thickness entrance 
window and the waterproof cover, the surface dose cannot be measured with plane 
parallel chambers. If an accurate determination of the surface dose is required an 
extrapolation chamber or alternative dosimetry methods have to be used. TLD and 
semiconductor diodes will generally enable the determination of the absorbed dose 
at depths closer to the surface than most plane parallel ionization chambers. 

8. USE OF PLANE PARALLEL CHAMBERS 
IN PHOTON BEAMS 

Plane parallel chambers should not be used for absolute absorbed dose determi
nation in photon beams because of the relatively large uncertainty in the wall pertur
bation factor />wai|. This has been discussed in Section 2 and in more detail in 
Appendix C for the case of ^Co gamma ray beams. Similar considerations apply to 
megavoltage beams where the situation is even more uncertain as there are fewer 
published values of appropriate factors [36, 47]. 
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8.1. DETERMINATION OF THE ABSORBED DOSE TO WATER 
UNDER NON-REFERENCE CONDITIONS 

For the same reasons as were discussed in the previous section for electron 
beam dosimetry, plane parallel ionization chambers are well suited for measuring 
central axis depth ionization curves and output factors in high energy photon beams 
but unsuitable for isodose curve and beam profile measurements. 

Central axis depth dose curves for high energy photon beams should always 
be measured or verified with air ionization chambers. For depths at and beyond the 
depth of maximum dose, the stopping power ratio and the perturbation factor can 
be assumed to be independent of depth for a given quality and field size [106, 108]. 
In plane parallel chambers the position of the effective point of measurements is well 
defined and is assumed to be invariant with depth in high energy photon beams. Even 
if backscattering effects are present they can be assumed to be reasonably indepen
dent of depth. This means that plane parallel chambers are well suited for depth 
ionization measurements in high energy photon beams and that relative ionization 
distributions can be used as relative absorbed dose distributions at least for depths 
at and beyond the dose maximum. 

In the buildup region no charged particle equilibrium exists; this will cause 
perturbation effects in ionization chambers mainly due to electron fluence perturba
tion through the chamber side wall [109-112]. To make accurate absorbed dose 
measurements in the buildup region, extrapolation chambers with wide guard rings 
or liquid ionization chambers should be used. As few hospitals have these instru
ments, fixed separation plane parallel chambers are most commonly used. Some 
plane parallel chambers, however, can exhibit a significant polarity effect in the 
buildup region. This should be accounted for by measuring with both polarities and 
taking the mean value. Owing to the finite thickness entrance window, most plane 
parallel chambers cannot be used for surface dose measurements. In addition, 
measurements close to the water surface can be disturbed by the formation of a 
meniscus around the chamber housing as mentioned above. 

When output factors are measured in photon beams, special attention should 
be given to the uniformity of the radiation fluence over the chamber. Some accelera
tors have very pronounced V shaped photon beam profiles which usually vary with 
depth and field size. For large detectors it may be difficult to accurately correct for 
this variation. Plane parallel chambers with large collecting electrodes should there
fore be avoided in these situations. The radial cavity dimension of the plane parallel 
chamber also puts a lower limit on the field size for which it should be used 
considering fluence uniformity. 

In wedged photon beams the radiation intensity varies strongly in one direc
tion. For output measurements in such beams the detector dimension in the wedged 
direction should be as small as possible; this makes plane parallel chambers 
unsuitable. Also, as mentioned in Section 4.2, certain solid state detectors might be 
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unsuitable for depth-dose measurements. Small thimble chambers aligned with the 
axis perpendicular to the wedge direction are instead recommended in the present 
Code of Practice. 

9. THE UNCERTAINTY IN ABSORBED DOSE 
DETERMINATION AT THE REFERENCE DEPTH 

USING PLANE PARALLEL CHAMBERS 
IN ELECTRON BEAMS 

The various steps necessary for establishing traceability in the measurement 
chain from the primary standard to the user's instrument were fully discussed in 
Ref. [1]. Each step in this chain has an associated uncertainty with it, as does the 
final determination of absorbed dose in the electron user's beam [95, 113]. Various 
parameters and measurements contribute to the uncertainties and as these parameters 
become more accurately known and the measurements more precise the overall 
uncertainty will be reduced. 

The values used in this section were primarily taken from Ref. [1] and have 
been discussed in detail by Svensson [96] and Brahme et al. [114], although more 
updated estimations by Andreo [97] and Thwaites [115] have been incorporated into 
the analysis. The uncertainties in the various steps are evaluated and combined 
according to the summary given in Appendix A of Ref. [1]; more detailed 
procedures can be found in the ISO's Guide to the Expression of Uncertainty in 
Measurement [116]. No attempt is made, however, to provide separate type A and 
type B uncertainties, and all estimations in this report correspond to the combined 
standard uncertainty (la) at each step. It is emphasized that the uncertainty estima
tions given here are to be interpreted as an indication of the relative importance of 
the different procedures, rather than as absolute values. 

As in Ref. [1] the combined standard uncertainty in the dosimetry chain is 
evaluated from the determination of air kerma or absorbed dose at the standards 
laboratory (usually with ^Co as reference quality) to the measurements of absorbed 
dose in the reference depth in water at the electron user's beam at the hospital. 
Measurements in plastic phantoms will increase the uncertainty due to the 
conversions involved. 

9.1. ESTIMATION BASED ON iVDair CALIBRATION 

When the dosimetry chain starts with K^t, the preferred method for the 
calibration of a plane parallel ionization chamber (determination of No.air) is its 
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FIG. 10. Calibration chain for a plane parallel chamber for the preferred method described 
in Section 5.3. Step 1 is the calibration and determination of Nr^air for the reference 
chamber, starting with the determination of the air kerma standard at the primary standard 
dosimetry laboratory. Step 2 is the determination ofNp£air by comparison in a high energy 
electron beam. Step 3 is the use of the chamber to measure absorbed dose to water in the 
user's electron beam. The appropriate equations are put beside each step. IIK; is the product 
of factors that account for water vapour content of the air, ionization recombination losses, 
stem scatter, correction to zero wall thickness, etc. [123]. 
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comparison against a cylindrical chamber with a known NDt3ir in a high energy elec
tron beam. All the calibration methods based on measurements in ^Co gamma ray 
beams have larger uncertainties mainly due to the wall effects of plane parallel ioni
zation chambers in ̂ Co. 

9.1.1. The electron beam method 

The calibration chain is modified from that presented in Ref. [1]. In that report 
the ^Co air kerma calibration factor, NK, is obtained for the field instrument by 
comparison with a local reference instrument and the absorbed dose to air chamber 
factor, #D,air> is calculated from its 7VK value. 

The calibration chain, from the determination of air kerma at the PSDL to the 
measurement of absorbed dose with a plane parallel chamber at a reference depth, 
can be considered in three steps shown schematically in Fig. 10, along with the equa
tions that apply at each step. Step 1 in the measurement chain starts with the realiza
tion of air kerma K3ir at the PSDL in the ^Co gamma ray beam and ends with the 
determination of the absorbed dose to air chamber factor for the local reference 
chamber, A ĝfair. Step 2 (Section 5.3) is the determination of the absorbed dose to 
air chamber factor for the plane parallel chamber, ^V^p

air, by intercomparison with 
the local reference instrument with high energy (£0 ^ 1 5 MeV) electrons. Step 3 
(Eq. 7.4) is the absorbed dose determination at the reference depth in a water phan
tom using the calibrated plane parallel chamber. The uncertainties in the three steps 
are given in Table HI. Their quadratic sum yields a combined standard uncertainty 
of 2.9%. It should be emphasized that this value is most applicable at low energies 
(see footnote h in Table IH); the uncertainty decreases when the energy increases 
owing to die lower influence of pcav and/?waU. 

9.1.2. In-phantom measurements in a *°Co beam 

For calibrations at depth in a phantom using ^Co beams the calibration chain 
is shown in Fig. 11 togemer with the associated equations. Steps 1 and 3 are the 
same as for the electron beam method and so are the corresponding uncertainties. 
Step 2 has a greater uncertainty for this procedure than Step 2 using electron beams, 
because of the uncertainty of p^ in ^Co gamma ray beams discussed extensively 
elsewhere and the questions concerning the effective point of measurement or the 
displacement factor for the reference chamber. The estimated combined standard 
uncertainty of this method becomes 3.4% as given in Table IV. 

9.1.3. Measurements free in air in a ^Co beam 

For calibrations free in air in ^Co beams the calibration chain is shown in 
Fig. 12, along with die associated equations. Step 1 is the determination of NK for 
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TABLE m . ESTIMATED COMBINED STANDARD UNCERTAINTY (la) 
IN D w AT THE REFERENCE DEPTH IN ELECTRON BEAMS USING A 
PLANE PARALLEL IONIZATION CHAMBER WITH A^p

air OBTAINED IN 
ELECTRON BEAMS 

Step 1 

Type of physical quantity or procedure 

N'o air for the local reference instrument 

Uncertainty (%) 

Calibration in terms of NK of the local reference ionization 
chamber (hospital instrument) 

Interaction coefficients (km, km, g) to determine W£ajr 

Combined uncertainty in Step 1: 

0.5a 

1.0b 

1.1 

Step 2 

Type of physical quantity or procedure Uncertainty (%) 

Calibration procedure of the plane parallel chamber in a 
clinical accelerator (Mref/Afpp, each normalized to an external 
monitor and including uncertainty in experimental set-up) 

Long term stability of the reference chamber 

Perturbation factors of the reference and the plane parallel 
ionization chamber in electron beams 

Combined uncertainty in Step 2 

0.7C 

0.5 

0.9d 

1.2 

Combined uncertainty in N^^for the plane parallel 
ionization chamber (Steps 1+2) 

1.6 

Step 3 

Type of physical quantity or procedure Uncertainty (%) 

Experimental set-up 

Afpp (corrected reading including accelerator fluctuations) 

Long term stability of the plane parallel ionization chamber 

Vair (theoretical values) 

5wair (selection procedure by the user) 

Perturbation factors of the plane parallel ionization chamber 

Combined uncertainty in Step 3 

1.0 

1.0 

1.0e 

0.7f 

1.0* 

1.0h 

2.3 

Combined standard uncertainty in Dw using a plane 
parallel ionization chamber calibrated in terms of 
N™*,. in electrons (Steps 1 + 2 + 3) 

2.9 
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TABLE III. (cont.) 

a The combined standard uncertainty given by the SSDLs for therapy instruments, approxi
mately 0.5% (la), usually includes the uncertainties in the previous steps at the PSDL. The 
value adopted here is the average of that given in Ref. [1] (0.7%) and the value quoted 
by Grindborg et al. (0.3%) for an SSDL in the IAEA/WHO network [117]. 

b 1 % is a rounded upper limit for the estimation of a(km km), which dominates the com
bined standard uncertainty in Step 1, i.e. the determination of AfDajr for the reference 
chamber. Andreo [30, 97] has estimated slightly lower values, around 0.7%, for the com
mon Farmer type ionization chamber. 

c This is a very conservative upper limit for the uncertainty of this ratio. By using an external 
monitor and always considering the ratio of the chamber reading to the external monitor 
reading, the influence of accelerator output variations is minimized. 

d By using high energy electrons, the perturbation factors for the plane parallel chamber 
become negligible. Therefore, this estimation corresponds to the reference chamber and 
is taken to be similar to previous estimates in photon beams [19, 27]. 

c This could be reduced by recalibrating the plane parallel ionization chamber at more fre
quent intervals; the 1.0% corresponds to calibrations at one to two year intervals. 

f Some Refs ([96, 114]) have considered the 1.5% difference between the old (1964) [118] 
and new (ICRU 37, [58, 119]) electron stopping powers for some materials of interest in 
dosimetry as the estimated uncertainty in stopping power ratios (theoretical values). If, 
however, these values are taken as the upper and lower limits of variation then the true 
uncertainty will be somewhere in between. The ISO Guide [116] has specific recommenda
tions to evaluate the type-B standard uncertainty that, if applied to this case, would yield 
a lower estimated uncertainty. The value tabulated here represents an upper limit to the 
uncertainty of stopping power ratios [21, 120-122]. 

8 This is an upper limit. The method for selecting the correct stopping power ratio at the 
reference depth, zref, works well for many different clinical machines, especially at lower 
energies (see Appendix B). At higher energies, where more bremsstrahlung is generated 
in the treatment head, the quoted value for the uncertainty is approached. 

h This value applies to lower energies owing to the uncertainty in pcav and pmn for plane 
parallel ionization chambers (see Appendix C). At higher energies this value will be 
smaller. At low energies and depending on the chamber plus phantom combination, this 
number can be larger if the recommendations of this Code of Practice are not followed. 
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FIG. 11. Calibration chain for a plane parallel chamber for a calibration at 'depth' in a 
phantom described in Section 5.4.1. Step 1 is the calibration and determination ofWgairfor 
the reference chamber, starting with the determination of the air kerma standard at the 
primary standard dosimetry laboratory. Step 2 is the determination of N^al> by comparison 
in a ^Co gamma ray beam, at depth in a phantom. Step 3 is the use of the chamber to 
measure absorbed dose to water in the user's electron beam. The appropriate equations are 
put beside each step. 
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TABLE IV. ESTIMATED COMBINED STANDARD UNCERTAINTY (la) IN 
D w AT THE REFERENCE DEPTH IN ELECTRON BEAMS USING A PLANE 
PARALLEL IONIZATION CHAMBER WITH A^p

air OBTAINED FROM ^Co 
IN-PHANTOM MEASUREMENTS 

Step 1 

Type of physical quantity or procedure 

N Df
air for the local reference instrument 

Uncertainty (%) 

Calibration in terms of NK of the local reference ionization 
chamber (hospital instrument) 

Interaction coefficients (km, km, g) to determine A^air 

Combined uncertainty in Step 1: 

0.5 

1.0 

1.1 

Step 2 

Type of physical quantity or procedure 

Perturbation factors of the reference and the plane parallel 
ionization chamber in ^Co 

Combined uncertainty in Step 2 

Uncertainty (%) 

Calibration procedure of the plane parallel chamber in '"Co 
(Mref/Mpp, including uncertainty in experimental set-up) 

Long term stability of the reference chamber 

0.4 

0.5 

2.1a 

2.2 

Combined uncertainty in N\f3iT for the plane parallel 
ionization chamber (Steps 1+2) 2.5 

Step 3 

Type of physical quantity Uncertainty 

Experimental set-up 

Mpp (corrected reading including accelerator fluctuations) 

Long term stability of the plane parallel ionization chamber 

•Vair (theoretical values) 

•Vair (selection procedure by the user) 

Perturbation factors of the plane parallel ionization chamber 

Combined uncertainty in Step 3 

1.0 

1.0 

1.0 

0.7 

1.0 

1.0 

2.3 

Combined standard uncertainty in £>w using a plane 
parallel chamber calibrated in terms of 
WS in Co in a phantom (Steps 1 + 2 + 3) 3.4 

This estimation combines the uncertainty of p™£„ from Andreo [19] with that ofp^ from 
Rogers [48], together with the chamber to chamber variations by different manufacturers 
measured by Kosunen et al. [50], all at ^Co gamma rays. The uncertainty in the 
positioning of the effective point of measurement for the reference chamber or the alterna
tive displacement factor is approximately 0.5% [40]. 
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T A B L E V . E S T I M A T E D C O M B I N E D S T A N D A R D U N C E R T A I N T Y (Iff) IN 
D w A T T H E R E F E R E N C E D E P T H IN E L E C T R O N B E A M S USING A P L A N E 
P A R A L L E L I O N I Z A T I O N C H A M B E R WITH N$iir OBTAINED F R O M A mCo 

IN-AIR M E A S U R E M E N T 

Step 1 

Type of physical quantity or procedure Uncertainty (%) 

Calibration of the SSDL working standard 

Intercomparison of the working standard with the 
plane parallel chamber 

Combined uncertainty in Step 1: 
JVK for the plane parallel ionization chamber 

0.5a 

0.5" 

0.7 

Step 2 

Type of physical quantity or procedure Uncertainty (%) 

Interaction coefficients {km, km, g) to determine NDl 

Combined uncertainty in Step 2 

2.5C 

2.5 

Combined uncertainty in N^^for the plane parallel 
ionization chamber (Steps 1+2) 2.6 

Step 3 

Type of physical quantity or procedure Uncertainty (%) 

Experimental set-up 

Mp p (corrected reading including accelerator fluctuations) 

Long term stability of the plane parallel ionization chamber 

5W air (theoretical values) 

sw air (selection procedure by the user) 

Perturbation factors for the plane parallel ionization chamber 

Combined uncertainty in Step 3 

1.0 

1.0 

1.0 

0.7 

1.0 

1.0 

2.3 

Combined standard uncertainty in D„ using a plane 
parallel chamber calibrated in terms of 

3.5 
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TABLE V. (cont.) 

a The combined uncertainty for the working standard at the secondary standard dosimetry 
laboratory is the average of that given in Ref. [1] (0.7%) and the value quoted by 
Grindborg et al. (0.3%) for an SSDL in the IAEA/WHO network [117]. 

b The increased uncertainty in the intercomparison of the plane parallel chamber with the 
working standard reflects the difficulty of positioning and aligning plane parallel chambers 
in air for these measurements. 

c This value represents an estimated average limit and is based upon the survey made by 
Rogers [48] of experimental values and uncertainties in the Monte Carlo calculated values, 
and in the chamber to chamber variations by different manufacturers measured by Kosunen 
et al. [50]. The maximum deviations reported in Ref. [50] for the experimental kmkm 

values were 1.7% and 3.6% for NACP-I and Calcam-I chambers, respectively; for the 
Calcam-II this was 2.1%. 

the plane parallel chamber. Step 2 is the calculation of iv£>p
ajr using universal values 

of the factors km km for plane parallel chambers. Step 3 is the determination of 
absorbed dose at reference depth in the user's electron beam, identical to the other 
methods. The estimated combined standard uncertainty of this method becomes 
3.5% as given in Table V. This value is significantly influenced by the large uncer
tainty in kmkm for the plane parallel ionization chambers. 

9.2. ESTIMATION BASED ON NDyi CALIBRATION 

For ND w based determinations of absorbed dose to water, the most common 
method for the calibration of a plane parallel ionization chamber is its comparison 
in a ^Co beam against a cylindrical chamber with a known Aff,fw,co-

The calibration chain, from the determination of absorbed dose to water using 
the reference quality ^Co at the PSDL to the measurement of absorbed dose with 
a plane parallel chamber at a reference depth at the electron user's beam, is also 
divided into the three steps, shown schematically in Fig. 13 along with the equations 
that apply at each step. The details in the determination of Dw at the PSDL and the 
transfer to the SSDL are not shown. 

Step 1 in the measurement chain starts with the realization of absorbed dose 
to water in the ^Co gamma ray beam at the PSDL and ends with the determination 
of the local standard of absorbed dose to water; the determination of the calibration 
factor of the local reference chamber, NQ*WCO, ' s included in this level. Step 2 (Sec
tion 6.3) is the determination of the absorbed dose to water calibration factor for the 
plane parallel chamber by intercomparison with the local reference instrument in 
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TABLE VI. ESTIMATED COMBINED STANDARD UNCERTAINTY (la) 
IN Dw AT THE REFERENCE DEPTH IN ELECTRON BEAMS USING A 
PLANE PARALLEL IONIZATION CHAMBER WITH A^p

w,Co OBTAINED IN 

A ^Co BEAM 

Step 1 

Type of physical quantity or procedure Uncertainty (%) 

Combined uncertainty in absorbed dose to water at PSDL 

Calibration procedure of the local reference ion chamber, 
N'QVCO (secondary standard or hospital instrument) 

Transfer of absorbed dose to water from PSDL to SSDL 
(including the long term stability of the reference chamber) 

Combined uncertainty in Step 1: 
Determination of Dv in '"Co at SSDL or hospital 
using the reference chamber 

Step 2 

Type of physical quantity or procedure 

0.7 

0.5 

0.7 

1.1 

Uncertainty (%) 

Calibration procedure of the plane parallel chamber in ^Co 
(A/ref/Mpp, including uncertainty in experimental set-up) 

Combined uncertainty in Step 2 

0.4 

0.4 

Combined uncertainty in N^wCofor the plane parallel 

ionization chamber (Steps 1+2) 1.2 

Step 3 

Type of physical quantity or procedure Uncertainty (%) 

Experimental set-up 

Mpp (corrected reading including accelerator fluctuations) 

Long term stability of the plane parallel ionization chamber 

Ratios of sw air, electrons to ^Co, in kQ 

Ratios of perturbation factors of the plane parallel chamber, 
electrons to ^Co, in kq 

Combined uncertainty in Step 3 

1.0 

1.0 

1.0 

1.3a 

2.4b 

3.2 

Combined standard uncertainty in D„ using a plane 
parallel ionization chamber calibrated in terms of 
<w.co (Steps 1 + 2 + 3) 3.4 
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TABLE VI. (cont.) 

a Combination of the values for sw air in Table III and an assumed uncertainty of 0.4% for 

•Vair i n ^C0-
b Combination of the values for perturbation factors in Tables III and IV for the reference 

and the plane parallel ionization chambers in electrons and Co. 

^Co at the SSDL or at the hospital, A^p
w Co. Step 3 (Eq. (7.5)) is the absorbed 

dose determination at the reference depth in a water phantom using the calibrated 
plane parallel chamber in electron beams; this is now different from Step 3 with the 
^DPair determinations as it involves the kq factor. The uncertainties in the three steps 
are given in Table VI. Their quadratic sum yields a combined standard uncertainty 
of 3.4%, which is slighly larger than in the electron beam Ak.air procedure but is 
of the same order as in the ^Co in-phantom calibration. This is mainly due to the 
contribution of the uncertainty of the wall perturbation effects in ^Co of the plane 
parallel chambers (see Table IV). 

If the plane parallel ionization chamber is calibrated directly against a primary 
standard of absorbed dose to water in ^Co the plane parallel chamber is the local 
reference. In this case part of Step 1 and the complete Step 2 do not contribute to 
the dosimetry chain. This approach does not, however, decrease by more than a tenth 
of a per cent the stated final uncertainty in the absorbed dose determination in elec
trons, because of the large contribution of pwaU in ^Co to the factor fcQ. 

10. A CODE OF PRACTICE FOR THE CALIBRATION 
AND USE OF 

PLANE PARALLEL IONIZATION CHAMBERS 

This section is the Code of Practice for the calibration and use of plane parallel 
ionization chambers. It provides details on the step by step procedures for the 
calibration of plane parallel ionization chambers and their use for the determination 
of absorbed dose to water in electron beams. Procedures are also described for rela
tive dosimetry both in high energy photon and electron beams. The section contains 
all the necessary interaction coefficients, correction factors and other relevant data 
required. Examples are provided in the form of worksheets in Appendix A. 
Sections 1 to 9 and Appendices B and C should be consulted for the theoretical 
background and justification for the choice of practical procedures and data; in 
particular, Section 3 describes the equipment required. 
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10.1. CORRECTIONS FOR INFLUENCE QUANTITIES 

In all absorbed dose determinations using air ionization chambers open to the 
atmosphere, corrections have to be made for the influence quantities temperature, 
pressure, dose rate and polarity. In addition, the leakage current should be deter
mined. The following corrections are recommended: 

(i) Temperature and pressure: the correction factor, pTP, for temperature and 
pressure 

_ P0 (273.2 + T) 
PTP = ( lO. l) 

P (273.2 + 7*0) 

should be applied to convert the air mass to the reference conditions P0 and 
7"0 (generally, 101.3 kPa and 20°C). The temperature T should be measured 
inside the phantom material, 

(ii) Dose rate: the recombination correction should be performed according to the 
two voltage method. The recombination correction factor ps at the normal 
operating voltage V\ is obtained from 

where the constants a-, are given in Table VII for pulsed and pulsed-scanned 
radiation; A/, and M2 are the mean of the absolute values of the collected 
charges using bias voltages ±V{ and ±V2, respectively. Preferably, the read
ings Mj should actually be Mj/Mtm, where Mem is the reading of an external 
monitor. The ratio VXIV2 should be equal to, or larger than, three and this 
should be the same V ratio as that for die determination of the calibration factor 
in electron beams. p% should be determined for the actual absorbed dose rate 
and measuring conditions. It is important to re-establish charge equilibrium 
whenever the bias voltage has been changed. This can be achieved by pre-
irradiating the chamber with 2 to 5 Gy before the next measurement. It might 
require several minutes to re-establish stable conditions22 after the bias vol
tage has been changed. 

22 The time required to establish stable conditions varies from chamber to chamber, 
even between chambers of the same type. The user should investigate the properties of each 
individual chamber used for absorbed dose determination. 
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(iii) Polarity effect: the polarity effect of the ionization chambers should be 
checked, particularly for low energy electrons, by measuring with both 
polarities of the bias voltage. If a polarity effect is observed, the mean of the 
absolute values of the readings should be used. Whenever the polarity has been 
changed, charge equilibrium and stable operating conditions should be 
re-established by pre-irradiating the chamber and waiting several minutes 
before the next measurement. 

(iv) Leakage currents: leakage currents should always be measured and should be 
insignificant compared to the current obtained during the radiation exposure 
(less than approximately 0.1 %). If this is not the case, it is preferable not to 
use the chamber. Failing that, the measurement should be corrected for 
leakage.23 

10.2. ELECTRON BEAMS 

10.2.1. Beam quality specification 

For dosimetry purposes the quality of clinical electron beams is specified by 
the mean energy at the phantom surface, E0. The following steps and practical 
details are recommended for the determination of E0 from depth-ionization or 
depth-dose distributions determined by the user at a fixed source to phantom surface 
distance (SSD). 

(i) Phantom: water is the preferred phantom material. Thick phantom entrance 
walls should be avoided. The phantom front surface must be perpendicular to 
the radiation beam axis, which can be horizontal or vertical. For E0 < 
10 MeV approximately, plastic phantoms are an alternative; in this case, addi
tional steps described below are required in the procedure, 

(ii) Source to phantom surface distance: an SSD of 100 cm is recommended, 
(iii) Field size: a large field size should be used, i.e. at least 12 cm X 12 cm for 

energies up to 15 MeV approximately, and at least 20 cm x 20 cm for higher 
energies.24 

Some electrometers have an automatic background subtraction which might hide 
any change in the leakage current. 

24 The field size to be used for the beam quality specification usually differs from the 
reference field size for the absorbed dose determination, see Section 7.1.1. 
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(iv) Detector alignment: the effective point of measurement of the detector25 

should be used for the depth alignment in the phantom. If the detector is a plane 
parallel chamber it is important that the chamber front wall should be parallel 
to the phantom surface and remain so during the complete measurement proce
dure. The front wall should be converted to a phantom equivalent thickness 
using the ratio of the densities of the phantom and the wall material. 

(v) Reference monitor detector: the use of an external reference monitor detector 
is recommended. This should be positioned preferably along the major axis of 
the transverse plane of the beam. 

(vi) Influence quantities: corrections for temperature and pressure are usually not 
necessary for relative distributions. The polarity effect of the detector should 
be smaller than 1%; it should be corrected for at the depths of maximum ioni
zation and 50 % ionization. This is especially important for low energy electron 
beams. The dependence on depth of the recombination effect should not 
influence the determination of Rso, otherwise it should be taken into account 
with the appropriate corrections (see Section 10.2.5.1). 

(vii) Measurement of the depth-ionization or depth-dose distribution: it may be 
advantageous to start the measurements at depth and scan the detector towards 
the water surface (this procedure can reduce the influence of meniscus forma
tion when the detector is close to the water surface), 

(viii) Determination of R50: the depth of 50% ionization or absorbed dose in cm, 
/?50 or #50, is obtained from the measured distribution (see Fig. 14). 

(ix) Determination of Rp: the practical range, Rp, is obtained from the measured 
depth-dose or depth-ionization distribution (see Fig. 14). It will be used later 
for the determination of the mean energy at depth, Ez. 

(x) Determination ofE0: 

(a) For ionization measurements made at SSD = 100 cm the mean energy at 
the phantom surface E0 is calculated from the polynomial 

E0 [MeV] = 0.818 + 1.935 R'50 + 0.040 (/?50)
2 (10.3a) 

(b) If, instead, a detector yielding a depth absorbed dose distribution is used 
(for example, a solid state detector), E0 is calculated from:26 

£0 (MeV] = 0.656 + 2.059 R§> + 0.022 (R%0)
2 (10.3b) 

25 The centre of the front surface of the air cavity if the detector is a plane parallel 
chamber; a point shifted from the centre of the chamber by a distance equal to 0.5 r if it is 
a cylindrical chamber. 

26 If *so is determined from a depth dose curve measured with a constant source-
detector distance of 100 cm. Eq. (4.1) can be used to determine £a. 
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FIG. 14. An electron beam depth-dose distribution in water showing the various range 
parameters. 

(xi) Measurements in plastic phantoms: when the range has been determined in 
plastic phantoms, /?Phantom (in cm) should be converted into the value in water 
by using 

^water N ] = ^phantom [ c m] — ~ Cpl 
Ptable 

(10.4) 

where puser should be determined by the user to avoid errors due to variations 
between different samples. Numerical values of Cpl and pable for phantom 
materials of interest are given in Table VIII. The value of /?5o.water is then 
used to obtain E0 from Eqs (10.3a) or (10.3b). 

10.2.2. Determination of the iVD,air factor of plane parallel chambers 

The following steps and practical details, common to the different methods to 
determine A^air for plane parallel ionization chambers, are recommended: 

(i) The long term stability and the leakage current of the ionization chambers and 
the electrometer should be checked before the measurements for the determina
tion of ND

p
air. 
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(ii) Sufficient time should be allowed for the ionization chamber, buildup cap and 
phantom material to reach equilibrium with the room temperature and for the 
electrometer to stabilize. 

(iii) The time during which the chambers and the buildup cap material are handled 
with bare hands should be minimized. 

(iv) The reference chamber (when applicable) should be positioned with its recom
mended orientation in the radiation beam (the reference orientation should be 
stated in the calibration certificate), 

(v) The ambient air pressure and the temperature in the air or in the phantom, 
depending on the type of measurement, should be measured before, during and 
after the irradiation measurements, and corrections should be applied to the 
reading of the detectors for any variations. In the case of using a phantom the 
temperature should be measured inside the phantom material. 

(vi) Before the first reading of each series of measurements is taken, the chambers 
placed inside the phantom or equipped with the buildup cap should be pre-
irradiated with 2 to 5 Gy to achieve charge equilibrium. 

(vii) For each chamber, five independent determinations ofN^ail should preferably 
be made and the mean value should be used. 

(viii) The N^f^r fof m e reference chamber is determined from (see example A. 1 
in Appendix A) 

A^air = ^K (1 - *)*«t*«n*cel (10-5) 

where A^f is the air kerma calibration factor of the reference chamber 
provided by the standards laboratory, (1 - g) = 0.997 (for ^Co gamma 
rays), kmkatt for various cylindrical ionization chambers are given in 
Table IX, and &cei is unity for a graphite electrode in a graphite walled cham
ber and is equal to 1.006 for a 1 mm aluminium electrode (Farmer type). Note 
that there are no data available on &ce| for most of the chambers in Table IX; 
the factor must be assumed to be unity in these cases. 

10.2.2.1. The electron beam method 

The main recommendation in this Code of Practice is to perform the determina
tion of N^air using the electron beam method, where the plane parallel ionization 
chamber to be calibrated is compared with a reference chamber for which N^^T >s 

known (see example A.2 in Appendix A). Section 5.3 should be consulted for 
general aspects. The following steps and procedures are recommended: 

(i) Phantom material: water is the preferred phantom material 
(ii) Reference chamber: preferably a fully homogeneous cylindrical ionization 

chamber, e.g. graphite walled with a 1 mm graphite electrode, should be used. 
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FIG. 15. Irradiation geometry for calibration in a high energy electron beam (15 MeV < 
E0 < 25 MeV, SSD 100 cm). The reference chamber and the plane parallel ionization 
chamber (i. e. their effective points of measurement) have to be placed at the reference depth. 

A Farmer type graphite walled chamber having a 1 mm aluminium electrode 
is the recommended alternative instrument. 

(iii) Electron beam energy: as high an energy as possible to achieve a dose plateau 
region around /?100 but avoiding excessive bremsstrahlung contamination. 
When a Farmer type chamber is used as reference the mean energy at the sur
face should be within the range 15 MeV < E0 < 25 MeV. 

(iv) Reference conditions: the effective points of measurement of the reference 
chamber and the chamber to be calibrated should be placed at the same depth 
2ref given in Table X according to the configuration shown in Fig. 15. The 
front wall should be converted to a phantom equivalent thickness using the 
ratio of the densities of the phantom and the wall material. The SSD should 
be 100 cm and the field size at the phantom surface 12 cm x 12 cm or larger, 

(v) Reference monitor detector: the use of an external reference monitor detector 
is strongly recommended. It should preferably be positioned within the phan
tom approximately at the depth zK{ along the major axis of the transverse 
plane of the beam and at a distance of 3 to 4 cm from the chambers. 
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(vi) Irradiation measurements: measurements should be made first and last with the 
reference chamber and in between with the chamber to be calibrated. In each 
submeasurement at least five irradiations should be made. 

(vii) Recombination corrections: recombination correction factors, ps, should be 
applied to the readings from the two chambers by using the two voltage method 
(see Section 10.1). It is strongly recommended to use the same V ratio for the 
determination of the chamber factor in electron beams and for the absolute 
dose determinations with the chamber. 

(viii) Determination of N^in: for plane parallel ionization chambers, iV^air *s 

obtained from the following equation: 

\Atef _ref _ref nref 

A£"air = Wgair — Pv"UPwPcel (10 .6 ) 
" ' MP" ^ u p P P 

where Mref and Afp are the average ratios of the readings of the two chambers 
to those of the external monitor (corrected for influence quantities). The per
turbation factors />£an, pll, and p^M are unity for the reference and plane 
parallel chambers recommended in the present Code of Practice. In electron 
beams p£( is unity for a graphite electrode and 0.998 for a 1 mm diameter 
aluminium electrode (Farmer type chamber). The factor p[fv is given in 
Table XI or can be derived from 

P™ (Pv r) = I ~ 0.02155re-°A224*-~ (10.7) 

where r is the cavity radius in mm; this is a fit to the data in Table XI. 
Ez is me mean electron energy at depth z in water which can be obtained from 
£0 and the scaled depth z//?p,wa,er using Table XII. 

10.2.2.2. Measurements in a Co gamma ray beam 

If it is not possible to follow the electron beam method to derive A?^air, then 
one of the two alternative methods based on measurements in a ^Co gamma ray 
beam has to be used. 

I. *°Co iii-phantom method (usually performed in the user's beam at the 
hospital). The plane parallel ionization chamber to be calibrated is compared with 
a reference chamber for which N$A\T is known. Section 5.4.1 should be consulted 
for general aspects. 

(i) Phantom material: a phantom material for which the perturbation factor of the 
plane parallel chamber, pg^, is known should be used. Available data are 
given in Table XIII. 
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(ii) Reference chamber: preferably a fully homogeneous cylindrical ionization 
chamber, e.g. graphite walled having a 1 mm graphite central electrode, 
should be chosen. However, a graphite walled Farmer type chamber with a 
1 mm aluminium electrode is the recommended alternative. 

(iii) Reference conditions: the SSD should be 100 cm and the field size 10 cm X 
10 cm at the phantom surface. The effective point of measurement of the plane 
parallel chamber (i.e. the centre of the air cavity front surface) should be posi
tioned at the reference depth of 5 g-cm"2. The thickness of the front wall 
should be corrected according to the ratio of the electron densities between the 
phantom and the wall material. 
There are two alternative ways of positioning the reference cylindrical 
chamber: 
(a) Place the effective point of measurement of the reference chamber at the 

reference depth 5 g-cm"2 (a shift equal to 0.6r is recommended for ^Co 
gamma rays). 

(b) Place the centre of the reference chamber at the reference depth 
5 g-cm"2. 

(iv) Irradiation measurements: measurements should be made first and last with the 
reference chamber and in between with the chamber to be calibrated. In each 
submeasurement, at least five irradiations should be made. 

(v) Recombination corrections: although no recombination corrections are usually 
required in ^Co beam measurements, the effect should be investigated for the 
reference and the plane parallel ionization chamber.27 For the reference 
chamber the same polarizing voltage applied at the calibration should be used, 
and for the plane parallel chamber the polarizing voltage recommended by the 
manufacturer should be used. The dose rate should be noted. 

(vi) Determination of N^ait: depending on the alternative used to position the 
reference chamber the following steps should be applied: 
(a) If the effective point of measurement was used, A^air is obtained from 

J/fef _ref _ref 

Afair = "ffair — ^ ^ (10.8a) 

27 Measurements using different voltages can show if the recombination and other 
effects discussed in Section 7.1.2 are significant. The 'two voltage* method for continuous 
radiation according to Fig. 13 in Ref. [I] should be used if necessary, and the same voltage 
ratio should be applied both in ^Co calibration and electron measurements. 
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nref _ 

In a ^Co gamma ray beam, p™i is unity for a graphite electrode and 
0.994 for a Farmer type chamber. Values of the perturbation factor /?£§n 
in ^Co are given in Table XIII. For the reference chamber the wall 
perturbation factor p^n *s determined according to 

a ^wall.airmen'P)med.wall "*" T'^sleeve.air'Meiv P/med.sleeve "* K* a T) ^med.air 

•^med.air 

(10.9) 

where a and r can be estimated from the thickness of the wall, rw, and the 
sleeve, ts, by using 

a(tw) = 1 - e-u88 'w (10.10a) 

and 

r(rs) = e- | U ! ' « ( l - e-
UM'>) (10.10b) 

where fw and rs are in g • cm"2 and the ratios of stopping powers and mass 
energy absorption coefficients for ^Co are given in Table XIV. 

(b) If the centre of the cavity was used, iVDP
air is obtained from 

txref ref _ref _ref 

M>*r - A W M p p p & (10.8b) 

where p$l is determined from the data by Johansson et al. [37], 
according to 

p'g = 1 - 0.004r (10.11) 

and r is the inner radius of the reference chamber in mm. 

II. ^Co in-air method (usually performed at the standards laboratory). Sec
tion 5.4.2 should be consulted for general aspects. 

(i) Buildup cap material: the total wall thickness (chamber wall together with 
buildup cap) should be 0.5 ± 0.05 g-cm~2. A buildup cap material for which 
the value of km lcm is provided in Table XV should be used. The buildup cap 
material should have the same outer dimensions as the plane parallel chamber, 
as &att km have been determined for this condition which minimizes the scatter 
contribution. 

(ii) Reference conditions: the plane parallel chamber cavity centre should be posi
tioned free in air at a source to cavity centre distance of 100 cm, where KiiT 

should be known. The field size should be 10 cm X 10 cm at this position. 
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(iii) Irradiation measurements: at least five irradiations should be made. 
(vi) Recombination corrections: a recombination correction is not usually required 

(see step (v) above). The polarizing voltage and the air kerma rate should be 
stated in the calibration certificate, 

(v) Determination of Nf£ the air kerma calibration factor for the plane parallel 
chamber is obtained from 

< p = ^ (10.12) 

(vi) Determination ofN^p
siT: the chamber factor of the plane parallel chamber is 

obtained from 

< a i r = tycd - g) kMkm (10.13) 

where k3tt km values for some common types of plane parallel chamber are 
given in Table XV and (1 - g) is 0.997 for ^Co gamma rays. 

10.2.3. Determination of the ND^W factor of plane parallel chambers in a 
^Co gamma ray beam 

The Af£p
w calibration factor can be determined by the standards laboratory 

against a primary standard of absorbed dose to water or by comparison with a local 
reference either at the SSDL or at the hospital (see Section 6.3). For the latter case, 
the steps below are recommended. Steps (i) to (vi) given at the beginning of Sec
tion 10.2.2, common to the different methods of determining N^,, also apply to 
the determination of A^w . In addition, we have: 

(i) Radiation beam quality: the calibrations should be performed in a ^Co beam. 
(ii) Phantom material: the measurements should be performed in water, 

(iii) Reference conditions: the plane parallel chamber should be placed with its 
reference point (i.e. the centre of the front surface of the air cavity) at a depth 
of 5 cm, where the absorbed dose to water Dw is determined with the refer
ence chamber. The front wall should be converted to a phantom equivalent 
thickness using the ratio of the densities of the phantom and the wall material. 
The SSD should be 100 cm and the field size 10 cm x 10 cm at the phantom 
surface. 

(iv) Determination O/A'DPW.CO: this is obtained from 

Mre{ 

A ^ . c o = <w.Co — (10.14) 
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where M and M?v are the average readings of the two chambers cor
rected for the influence quantities (temperature, pressure, polarity and 
recombination). 

10.2.4. Absorbed dose determination in electron beams: Absolute dosimetry 
under reference conditions 

(i) Phantom: water is the preferred phantom material. Thick phantom entrance 
walls should be avoided. The phantom front surface must be perpendicular to 
the radiation beam axis, which can be horizontal or vertical. For E0 < 
10 MeV approximately, plastic phantoms are an alternative; in this case addi
tional steps as described below are required in the procedure. 

(ii) Source to phantom surface distance (SSD): for the calibration of the accelerator 
dose monitor system, an SSD equal to 100 cm, or the clinically used SSD, is 
recommended. 

(iii) Reference field size: a reference field size of 10 cm x 10 cm is recommended 
for all energies. 

(iv) Reference depth: 
(a) Measurements in a water phantom: the reference depths zref in a water 

phantom for absorbed dose measurements in electron beams are given in 
Table X, where E0 is determined according to Section 10.2.1 and R^oo is 
the depth of dose maximum obtained from a depth absorbed dose curve 
for the reference field size or for a large field size (this is not critical). 
The accelerator dose monitor is generally calibrated to yield the absorbed 
dose to water for the reference field size at Rfoo', if zref differs from /?poo 
the ratio of the dose at the depth of the maximum to that at the reference 
depth must be determined, and a corresponding correction must be applied 
in the dose monitor calibration. 

(b) Measurements in a plastic phantom: if the plastic phantom is used the 
reference depth in plastic (in cm) is obtained from the reference depth in 
water of Table X using 

^ref.plastic Zref.vtaxer ~~Z ~Z~ \W3.Yj) 
Puser C p | 

where puser should be determined by the user to avoid errors due to varia
tions between different samples. Numerical values of Cp, and pabie for 
phantom materials of interest are given in Table VIII. 

(v) Chamber alignment: the effective point of measurement of the plane parallel 
chamber (i.e. the centre of the front surface of the air cavity) should be posi
tioned at the reference depth in the phantom. It is important to verify that the 

. chamber front wall is parallel to the phantom surface. The thickness of the 
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front wall should be corrected according to the ratio of the electron densities 
between the phantom and the wall material. Enough time should be allowed 
for the chamber to come to temperature equilibrium with the phantom. 
Reference monitor detector: the use of an external reference monitor detector 
is recommended for the determination of the recombination correction (see 
example A.3 in Appendix A). This should be positioned preferably within the 
phantom at the same depth as the chamber, along the major axis of the trans
verse plane of the beam, and at a distance from the chamber of 3 to 4 cm. 
Determination of the absorbed dose to water: 
(a) Measurements in a water phantom: 

a. 1. When the measurement is performed in water and the plane parallel 
chamber has a factor A&?air> the absorbed dose to water is given by 

Av.Q (Zref) = M$ A£ P
a i r ( V a i r ) Q pQ (10 .16a) 

where M™ is the electrometer reading corrected for influence quanti
ties. sw>air is the stopping power ratio at the electron beam quality Q, 
defined by E0 and zKf, i.e. s^^iEo, zref); these are given in 
Table XVI. The overall perturbation factor for electron beams pQ is 
given in Table XVII. It is not recommended that plane parallel 
chambers be used at energies where pQ deviates by more than 1 % 
from unity. 

a.2. When the plane parallel chamber has a calibration factor in terms of 
absorbed dose to water at ^Co, NDP

W,CO> the absorbed dose to water 
in electron beams is given by 

Av.Qfeef) = MgN^a, ^ 2 . - * * _ ( 1 0 . i6b) 
(•Vairko fwa'l.Co 

w h e r e Csw>a>r)co = 1-133, and (sw,air)Q a fe given in Table XVI. 
Perturbation factors of plane parallel chambers for ^Co gamma 
rays, /?waii,a» are given in Table XIII; those for electron beams, pQ , 
in Table XVII. 

(b) Measurements in a plastic phantom: when the measurement is performed 
in plastic the electrometer reading Afplastjc has to be converted into the 
corresponding value in water by using 

***water Uref.water) = •'"plastic wef.plastic) "m (10 .17) 

where the values of hm are given in Table XVIII. Mwater is then used in 
Eqs (10.16a) or (10.16b). 
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10.2.5. Absorbed dose determination in electron beams: Relative dosimetry 

Some practical details of absorbed dose determinations based on relative 
dosimetry using plane parallel ionization chambers are discussed below. Usually, 
measurements made under non-reference conditions are expressed as relative 
absorbed doses, but in some cases an absolute absorbed dose determination under 
non-reference conditions is needed. 

10.2.5.1. Central axis depth-dose distributions 

To measure the central axis depth ionization distribution of a given field size 
with a plane parallel chamber and to convert it to a corresponding depth absorbed 
dose distribution, the following steps are recommended: 

(i) Measuring procedure: the general precautions are the same as those given in 
Section 10.2.1 steps (i) to (vii), excluding step (iii) for the field size. Polarity 
and recombination effects should be corrected for at all depths. For pulsed, 
non-scanned beams it is useful to obtain the recombination correction factor 
at each depth by using 

d2 

p% = 1 + 0.54 D— (10.18) 

where D is the dose per pulse in mGy, d the electrode spacing in millimetres, 
and V the polarizing voltage in volts. The dose per pulse refers to the air 
absorbed dose. For example, for a dose rate of 4 Gy/min and a PRF of 
400 Hz, a chamber with 2 mm electrode spacing using 200 V yields a correc
tion equal to 1.002. This expression replaces the use of the two voltage method 
at each depth. 

(ii) Selection of sW3iT: the mean energy at the phantom surface, E0, determined 
according to Section 10.2.1, should be used to select the stopping power ratios 
at each depth by using Table XVI. Note that the same set should be used for 
all field sizes for a given energy. 

(iii) Perturbation factors: for plane parallel chambers recommended in this Code 
of Practice any possible variation of pQ with depth can be ignored, 

(iv) Effective point of measurement: it is recommended that the centre of the front 
surface of the air cavity be taken as the effective point of measurement for all 
depths. 

(v) Ionization to absorbed dose conversion: the measured ionization values should 
be multiplied by the corresponding stopping power ratio for each depth. The 
values obtained should be normalized to the value at Rm. 
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TABLE VII. QUADRATIC FIT COEFFICIENTS FOR THE CALCULATION 
OF ps BY THE 'TWO VOLTAGE' TECHNIQUE IN PULSED AND 
PULSED-SCANNED RADIATION, AS A FUNCTION OF THE VOLTAGE 
RATIO VJV2 [124] 

V\IVi 

2.0 

2.5 

3.0 

3.5 

4.0 

5.0 

«o 

2.337 

1.474 

1.198 

1.080 

1.022 

0.975 

Pulsed 

« i 

-3.636 

-1.587 

-0.875 

-0.542 

-0.363 

-0.188 

a2 

2.299 

1.114 

0.677 

0.463 

0.341 

0.214 

" 0 

4.711 

2.719 

2.001 

1.665 

1.468 

1.279 

Scanned 

"\ 

-8.242 

-3.977 

-2.402 

-1.647 

-1.200 

-0.750 

a2 

4.533 

2.261 

1.404 

0.984 

0.734 

0.474 

TABLE VIII. SCALING FACTOR FOR RANGES AND DEPTHS CpI IN 
DIFFERENT PLASTICS FOR ELECTRON BEAM DOSIMETRYa 

(The mass density used in the calculations and the mean atomic number*1 are 
included. For compositions of all materials see ICRU 37 [58] and ICRU 44 [63], 
except Plastic water [64]) 

~. . i . . ~ • ~ , . , . , ,-„ Solid water „, 
PMMA Polystyrene Polyethylene A-150 / W T n Plastic water 

C, 

p 
(g-cm-2) 

Z 

1.123 

1.190 

5.85 

0.981c 

1.060c 

5.29 

0.908 

0.940 

4.75 

1.067 

1.127 

5.49 

0.967 

1.020 

5.95 

0.991 

1.013 

6.61 

a Average of the values given in Ref. [62] between 1 and 50 MeV. 
b For comparison, ZwaKr = 6.60. 
c These values can also be used for white (high impact) polystyrene. 
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TABLE X. REFERENCE DEPTH IN A WATER 
PHANTOM FOR ABSORBED DOSE MEASURE
MENTS IN ELECTRON BEAMS 

Electron beam quality Reference depth in phantom, r̂ef 

£0/MeV < 5 

5 < £0/MeV < 10 

10 < I(/MeV < 20 

20 < £o/MeV < 50 

A 1 0 0 

R°w or 1 cma 

Rfoa or 2 cma 

«foo or 3 cma 

Always the larger depth should be chosen. 

TABLE XL PERTURBATION FACTOR pcm FOR CYLINDRICAL 
IONIZATION CHAMBERS USED IN ELECTRON BEAMS 
(The data correspond to cylindrical chambers of inner radius r and a cavity length 
of 15 mm for different mean energies E, at the reference depths" inside a water 
phantom [37]). 

(MeV) 

4 

6 

8 

10 

12 

15 

20 

r = 1.5 mm 

0.982 

0.985 

0.988 

0.991 

0.994 

0.997 

0.998 

r = 2.5 mm 

0.969 

0.974 

0.979 

0.985 

0.989 

0.994 

0.997 

r = 3.15 mm 
(Farmer) 

0.961 

0.970 

0.977 

0.983 

0.988 

0.992 

0.995 

r = 3.5 mm 

0.959 

0.965 

0.972 

0.979 

0.986 

0.993 

0.996 

The determination of Ez is consistent with the method recommended in the present Code 
of Practice. In Ref. 137), the mean energies were determined according to Harder's 
method (see Ref. [1] for a discussion on the validity of the various approximations). 
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TABLE XH. RATIO OF THE MEAN ENERGY AT DEPTH z, Ez, AND THE 
MEAN ENERGY AT PHANTOM SURFACE, £0, FOR ELECTRON BEAMS IN 
WATER [81] 
(Depths are given as a fraction of Rp). 

Mean energy at surface, E0 (MeV) 

z/Rp 

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.55 

0.60 

0.65 

0.70 

0.75 

0.80 

0.85 

0.90 

0.95 

1.00 

2 a 

1.000 

0.945 

0.890 

0.835 

0.777 

0.717 

0.656 

0.592 

0.531 

0.468 

0.415 

0.362 

0.317 

0.274 

0.235 

0.201 

0.168 

0.141 

0.118 

0.095 

0.081 

5 

1.000 

0.943 

0.888 

0.831 

0.772 

0.712 

0.651 

0.587 

0.527 

0.465 

0.411 

0.359 

0.313 

0.270 

0.231 

0.197 

0.164 

0.137 

0.114 

0.091 

0.077 

10 

1.000 

0.941 

0.884 

0.826 

0.766 

0.705 

0.645 

0.583 

0.523 

0.462 

0.407 

0.355 

0.309 

0.265 

0.226 

0.191 

0.159 

0.131 

0.108 

0.086 

0.071 

20 

1.000 

0.936 

0.875 

0.815 

0.754 

0.692 

0.633 

0.574 

0.514 

0.456 

0.399 

0.348 

0.300 

0.255 

0.216 

0.180 

0.149 

0.120 

0.096 

0.076 

0.059 

30 

1.000 

0.929 

0.863 

0.797 

0.732 

0.669 

0.607 

0.547 

0.488 

0.432 

0.379 

0.329 

0.282 

0.239 

0.202 

0.168 

0.138 

0.111 

0.089 

0.069 

0.053 

40 

1.000 

0.922 

0.849 

0.779 

0.712 

0.648 

0.584 

0.525 

0.466 

0.411 

0.362 

0.314 

0.269 

0.228 

0.192 

0.159 

0.131 

0.105 

0.084 

0.065 

0.049 

50 

1.000 

0.915 

0.835 

0.761 

0.692 

0.627 

0.561 

0.503 

0.444 

0.390 

0.345 

0.299 

0.256 

0.217 

0.182 

0.150 

0.124 

0.099 

0.079 

0.061 

0.045 

Values extrapolated by using a third degree polynomial fit at each depth. 
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TABLE Xni. RECOMMENDED VALUES OF pgj, FOR PLANE PARALLEL 
CHAMBERS IN VARIOUS PHANTOM MATERIALS IRRADIATED BY A ^Co 
GAMMA RAY BEAM 
(The values are equally weighted means of all published experimental determina
tions [36, 47, 49, 50, 52, 91,126] and one Monte Carlo study [48] for the particular 
chamber/phantom combination, except where indicated. Where the details sufficed, 
the published experimental values were recalculated to correspond to Pcei/co/Pcei,e-
= 0.996 as given in Ref. [27].) 

Chamber type 

Capintec PS-033 

Exradin P l l 

Holt Pancake 

NACP 

PTW/Markus M23343 

PTW/Schulz M23346 

Roos FK-6 

Water 

0.989 

— 

— 

1.024 

1.009 

1.001 

1.003b 

Phantom material 
PMMA Polystyrene 

0.982 

1.000a 

— 

1.012 

1.006 

1.001 

— 

0.960a 

— 

1.000a 

1.000 

0.979 

0.992 

— 

Graphite 

0.989 

— 

— 

1.027a 

1.013 

1.009 

— 

a Taken from Ref. [5], 
" From Ref. [86]. 

TABLE XIV. RATIOS OF STOPPING POWERS (*med.air) AND 
MASS ENERGY ABSORPTION COEFFICIENTS ((mJp)med.air) 
FOR ^Co GAMMA RAYS [1, 106, 125] 

(To evaluate (Men'Wmedl.med2> use faen/P)medl,air/frWA>med2,air-) 

Chamber wall or 
phantom material ' W a i r (MeiM 'en'̂ '̂ med.air 

Water 

PMMA 

Polystyrene 

Graphite 

A-150 

C-552 

Delrin 

Nylon 

1.133 

1.102 

1.110 

1.002 

1.142 

0.995 

1.080 

1.142 

1.112 

1.081 

1.078 

1.001 

1.101 

1.001 

1.068 

1.098 
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TABLE XV. RECOMMENDED VALUES OF **,*„ NEEDED FOR 
^Co IN-AIR CALIBRATION OF PARALLEL PLATE CHAMBERS3 

(The buildup caps are of the material as shown in column two and the additional 
buildup cap thickness is 0.5 g-cm'2, except for the Holt chamber which comes with 
a buildup cap.) 

_. , Buildup cap , , 
Chamber . , k„„k, 

material an ^m 

Capintec PS-033 polystyrene 1.012b 

Exradin Pl l polystyrene 0.973 

Holt Pancake polystyrene 0.980 

PTW Markus PMMA 0.985 

NACP graphite 0.975 

Roos FK-6 PMMA or water N/A 

a All data are from Ref. [5]. 
b Corrections for stem effects may be significant for this chamber. 
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TABLE XVI. SPENCER-ATTIX STOPPING POWER RATIOS (A = 10 keV), 
WATER TO AIR (jwair) FOR ELECTRON BEAMS AS A FUNCTION OF E0 

AND DEPTH IN WATER 
(Density effect correction from ICRU 37 (Ashley) [58] and electron fluence Monte 
Carlo calculations [57] using the EGS4 Monte Carlo system [127]) 

Electron beam energy, £ 0 (MeV) 

1 2 3 4 5 6 

*p (cm)a 

7 8 9 10 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

7.0 

8.0 

9.0 

10.0 

12.0 

14.0 

16.0 

18.0 

20.0 

22.0 

24.0 

0.36 

1.117 

1.125 

1.131 

1.134 

1.136 

0.88 

1.088 

1.096 

1.104 

1.111 

1.117 

1.123 

1.127 

1.132 

1.135 

1.40 

1.066 

1.072 

1.079 

1.085 

1.091 

1.097 

1.102 

1.112 

1.120 

1.127 

1.132 

1.135 

1.137 

1.91 

1.049 

1.055 

1.060 

1.065 

1.070 

1.075 

1.079 

1.089 

1.098 

1.107 

1.116 

1.123 

1.129 

1.133 

2.43 

1.034 

1.040 

1.045 

1.049 

1.053 

1.057 

1.061 

1.069 

1.077 

1.086 

1.095 

1.104 

1.112 

1.118 

1.128 

1.133 

2.94 

1.026 

1.030 

1.033 

1.037 

1.041 

1.044 

1.048 

1.055 

1.062 

1.070 

1.079 

1.087 

1.095 

1.103 

1.120 

1.131 

1.132 

3.45 

1.014 

1.018 

1.022 

1.026 

1.029 

1.032 

1.035 

1.041 

1.047 

1.054 

1.061 

1.069 

1.076 

1.084 

1.102 

1.118 

1.129 

3.96 

1.066 

1.010 

1.014 

1.018 

1.021 

1.023 

1.026 

1.031 

1.036 

1.042 

1.048 

1.054 

1.061 

1.068 

1.086 

1.103 

1.118 

1.128 

1.130 

4.47 

0.998 

1.002 

1.005 

1.009 

1.011 

1.014 

1.016 

1.021 

1.025 

1.030 

1.035 

1.041 

1.047 

1.053 

1.069 

1.086 

1.102 

1.116 

1.127 

4.98 

0.993 

0.996 

0.999 

1.002 

1.005 

1.007 

1.0O9 

1.013 

1.018 

1.022 

1.027 

1.031 

1.037 

1.042 

1.056 

1.072 

1.087 

1.103 

1.115 

1.125 

1.127 

1.124 
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TABLE XVI. (cont.) 

12 

5.99 

14 

6.99 

16 

7.99 

Electron beam energy, E0 

18 

8.98 

20 22 

tfp W 
9.96 10.93 

(MeV) 

25 

12.38 

30 

14.77 

40 

19.41 

50 

23.88 

0.981 

0.985 

0.988 

0.990 

0.993 

0.995 

0.997 

1.001 

1.004 

1.008 

i.011 

1.015 

1.018 

1.023 

1.034 

1.047 

1.060 

1.074 

1.088 

1.102 

1.114 

1.123 

1.122 

0.969 

0.973 

0.976 

0.979 

0.982 

0.984 

0.986 

0.989 

0.992 

0.995 

0.998 

1.001 

1.004 

1.008 

1.016 

1.027 

1.038 

1.050 

1.062 

1.075 

1.088 

1.100 

1.120 

1.118 

0.961 

0.965 

0.968 

0.971 

0.973 

0.975 

0.977 

0.980 

0.983 

0.985 

0.988 

0.991 

0.994 

0.997 

1.004 

1.012 

1.021 

1.031 

1.041 

1.053 

1.065 

1.077 

1.099 

1.118 

1.114 

0.955 

0.959 

0.962 

0.964 

0.966 

0.968 

0.970 

0.973 

0.975 

0.978 

0.981 

0.983 

0.986 

0.988 

0.994 

1.002 

1.008 

1.016 

1.026 

1.035 

1.045 

1.056 

1.078 

1.099 

1.116 

0.948 

0.951 

0.954 

0.957 

0.959 

0.961 

0.963 

0.966 

0.969 

0.971 

0.973 

0.975 

0.977 

0.980 

0.986 

0.992 

0.998 

1.005 

1.012 

1.021 

1.029 

1.038 

1.058 

1.078 

1.099 

1.114 

0.943 

0.946 

0.948 

0.951 

9.953 

0.955 

0.957 

0.960 

0.962 

0.964 

0.966 

0.969 

0.971 

0.973 

0.978 

0.984 

0.989 

0.996 

1.002 

1.009 

1.016 

1.024 

1.041 

1.060 

1.079 

1.098 

1.109 

0.936 

0.938 

0.941 

0.943 

0.945 

0.946 

0.948 

0.951 

0.953 

0.956 

0.958 

0.960 

0.962 

0.964 

0.969 

0.974 

0.978 

0.984 

0.990 

0.995 

1.001 

1.007 

1.021 

1.037 

1.053 

1.071 

1.104 

0.924 

0.927 

0.929 

0.932 

0.934 

0.935 

0.937 

0.940 

0.943 

0.945 

0.947 

0.948 

0.950 

0.952 

0.956 

0.960 

0.964 

0.969 

0.973 

0.978 

0.983 

0.987 

0.998 

1.009 

1.022 

1.036 

1.065 

1.095 

1.099 

0.912 

0.914 

0.915 

0.917 

0.918 

0.920 

0.921 

0.924 

0.926 

0.928 

0.930 

0.932 

0.933 

0.935 

0.938 

0.941 

0.944 

0.948 

0.951 

0.955 

0.959 

0.962 

0.969 

0.977 

0.984 

0.993 

1.012 

1.034 

1.058 

1.081 

1.091 

0.907 

0.908 

0.909 

0.911 

0.912 

0.913 

0.914 

0.916 

0.918 

0.920 

0.922 

0.923 

0.924 

0.925 

0.928 

0.931 

0.933 

0.935 

0.938 

0.940 

0.943 

0.946 

0.952 

0.957 

0.963 

0.970 

0.984 

0.999 

1.015 

1.033 

1.053 

1.071 

1.084 

" Average from Monte Carlo calculations for monoenergetic electrons [57. 128] using the EGS4 and 

ITS3 systems [127, 129]. 
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TABLE XVII. RECOMMENDED VALUES FOR THE OVERALL 
PERTURBATION FACTOR pQ = AavPwaii 0 F PLANE PARALLEL 
CHAMBERS IN ELECTRON BEAMS 
(The data apply at, or close to, Rioo, and Ej is to be estimated from EQ and z/Rp 

using Table XII.) 

E. 
(MeV) 

2 

3 

4 

5 

6 

7 

8 

10 

12 

15 

20 

Capintec 
PS-033" 

— 

0.961 

0.970 

0.977 

0.982 

0.986 

0.989 

0.994 

0.996 

0.998 

1.000 

Exradin 
p i l b . f 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

Holt 
pan-

cakeb-f 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000-

1.000 

1.000 

1.000 

1.000 

1.000 

NACPf 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

PTW 
Markus 

M 23 343c 

0.978 

0.983 

0.987 

0.990 

0.993 

0.995 

0.996 

0.998 

0.999 

0.999 

1.000 

PTW 
Schulz 

M 23 346" 

— 

0.969 

0.968 

0.975 

0.980 

0.985 

0.988 

0.995 

0.999 

1.000 

1.000 

Roos 
FK-6e-f 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

Taken from AAPM TG-39 [5]; note that the difference in E: estimation between that 
document and this one has not been taken into account. 
Taken from Ref. [5]. 
Using the fit to experimental values relative to the NACP chamber given in Ref. [107], 

pQ = 1 - 0.039 exp(-0.2816 Ez). 
Based on measurements relative to the NACP and Roos chambers given in Ref. [51]. 
Reference [51] has demonstrated that this chamber behaved very similarly to the NACP 
chamber down to Ez = 2 MeV. 
The values written as 1.000 are not intended to indicate an accuracy of 0.1% in every 
instance. 
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TABLE XVm. FACTOR hm TO CORRECT FOR THE DIFFERENCE IN THE 
ELECTRON FLUENCE IN A PLASTIC PHANTOM COMPARED TO THAT IN 
WATER AT AN EQUIVALENT DEPTH 
(The values are based on an analysis of all the published data [6]. They are 
appropriate to depths close to RJM and beyond; for depths between the surface and 
Rioo, an acceptable solution is to interpolate linearly between a surface value of 1.0 
and the values at RJOQ.) 

(MeV) 

1 

2 

3 

4 

5 

6 

8 

10 

12 

14 

16 

18 

20 

Epoxy resin 
water substitutes 

1.013 

1.012 

1.011 

1.010 

1.009 

1.008 

1.006 

1.004 

1.002 

1.000 

Clear 
polystyrene 

1.028 

1.027 

1.025 

1.023 

1.021 

1.020 

1.017 

1.014 

1.010 

1.007 

1.004 

1.001 

1.000 

White 
polystyrene 

1.021 

1.019 

1.018 

1.017 

1.016 

1.015 

1.012 

1.010 

1.008 

1.005 

1.003 

1.001 

1.000 

PMMA 

1.010 

1.009 

1.008 

1.008 

1.007 

1.007 

1.005 

1.004 

1.003 

1.002 

1.001 

1.000 

1.000 
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10.2.5.2. Output factors versus field size 

Output factors versus field size should be provided at i?ioo-

(i) Phantom material: water is the preferred phantom material. For low energy 
electron beams plastic phantoms are an alternative. 

(ii) SSD: the SSD used for the treatment of patients should be used. 
(iii) Field size: it is important that the electron beam covers the chamber cross-

section with a margin. How wide this should be depends on the electron beam 
uniformity. 

(iv) Measuring depth: the same measuring depth (equal to the reference depth for 
the reference field) should be used for all field sizes for a given energy. Atten
tion should be payed to differences between Rl00 and zref, and variations in 
RlO0 with field size; appropriate normalization at R100 should be performed. 

(v) Stopping power and perturbation factors: it can be assumed that the stopping 
power ratio and the perturbation factors are influenced only very weakly by 
field size (see Fig. 5); they can be ignored for this purpose. 

(vi) Output factor: the ratio of the measured ionization for a given field size to that 
measured for the reference field size can be used as the output factor. 

10.3. PHOTON BEAMS 

In photon beams, as discussed in Section 7, plane parallel ionization chambers 
are only recommended for relative dosimetry. In photon beams the procedures are 
much simpler than in electron beams as relative ionization values can be used directly 
as relative absorbed dose values, owing to the negligible depth variation of the 
stopping power ratio in most cases. Practical details during measuring procedures 
are basically the same as those with electron beams given in Section 10.2.5, exclud
ing the normalization depth. For this purpose, the reference depth used for beam 
calibration (5 or 10 cm) or the depth of maximum absorbed dose Rm should be 
used (this is not critical). In the latter case, the variation of Rl00 with field size 
should be taken into account. 

The necessary interaction coefficients, correction factors and other relevant data 
necessary for the application of this Code of Practice are given on pp. 77 to 87. 
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Appendix A 

EXAMPLES2 

A.l . DETERMINATION OF THE ABSORBED DOSE TO AIR CHAMBER FACTOR 
JVJ&, FOR THE REFERENCE CHAMBER 

Responsible physicist: User Date: 2 January 1996 

1. Ionization chamber 

Chamber model: Thimble (cylindrical) NE 2571 Serial No. 797 
Cavity inner radius: 3.15 mm 
Wall material: Graphite thickness: 0.065 g/cm2 

Buildup cap material: Delrin thickness: 0.557 g/cm2 

total thickness: 0.676 g/cm2 

Electrode: Aluminium 

2. Chamber calibration data 

Calibration laboratory: SSDL Date: August 27, 1995 

Calibration factor (kerma in air): NK = 41.06 x 10'3 Gy/nC 
given at P0 = 101.3 kPa, T0 = 20°C, 50% R.H. 
Polarizing voltage: —300 V 
Field size: 70 x 70 cm2 

Source-chamber distance: 100 cm 

3. Constants and factors 

kmkm = 0.985 from Table IX 
kcc] =1.006 from Section 10.2.2 (viii) 
1 - g = 0.997 (for Co gamma radiation) 

4. Absorbed dose to air chamber factor 

A£air = NIL 0 - g) kmkmkcc] = 40.56 x W3 Gy/nC 
given at P0 = 101.3 kPa, T0 = 20°C, 50% R.H. 
Polarizing voltage: -300 V 

Not all possible calibration procedures are included in the set of examples provided in this 
Appendix. 
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A.2. DETERMINATION OF THE ABSORBED DOSE TO AIR CHAMBER FACTOR 
A^ i r FOR A PLANE PARALLEL CHAMBER USING ELECTRON RADIATION 

Responsible physicist: User Date: 2 January 1996 

1. Radiation treatment unit and beam data 

Accelerator: Philips SL 20 

Electron nominal energy: 20 MeV 
Field size: 14 cm x 14 cm at SSD = 100 cm 
Nominal dose rate of the accelerator: 300 monitor units/min 

Ranges from depth-ionization curves at SSD = 100 cm 
measured in a PMMA phantom, puser = 1.175 g-cm"3 

^50.phamom = 7.13 Cm ^p.phamom = 8 - 9 3 CHI ^OO.phamom = 2.26 Cm 

From Table VIII: Cpl = 1.123 puble = 1.190 g-cm"3; Eq. (10.4) yields 
^watcr ~ I.lVy •/Vptlanlom 

Ranges in water: 

5̂0.w = 7.9 cm Rpv/ = 9.9 cm ÎOO.W = 2.5 cm 

Mean energy at the surface (Eq. 10.3 a), E0 = 18.60 MeV 

Reference depth in water of the Peff of the chamber (Table X)29 zrefw = 2.5 cm 

Zref.w/flp.w = 0.253 Table XII yieldsEz/E0 = 0.690 

Mean energy at the reference depth in water zref.w> Ez = 12.84 MeV 

Measurements to be performed in a PMMA phantom at a depth z^p^on, = 2.26 cm 

2. Ionization chambers and electrometer 

2a. Reference thimble chamber 

Chamber model: Thimble (cylindrical) NE 2571 Serial No. 797 
Cavity inner radius: 3.15 mm 
Wall material: Graphite Thickness: 0.065 g/cm2 Electrode: Aluminium 

29 The centre of the front surface of the air cavity for a plane parallel chamber; a point shifted 
from the centre of the chamber a distance equal to 0.5 r for a cylindrical chamber. 
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Electrometer model: No model given here Serial No. 96 

Absorbed dose to air factor: 7v£f
air = 40-56 x 10~3 Gy/nC 

given at P0 = 101.3 kPa, T0 = 20°C, 50% R.H. 
Polarizing voltage: —300 V 

2b. Plane parallel chamber 

Chamber model: NACP02 Serial No. 18-08 

Wall material and thickness: Graphite, mylar foil, 104 mg/cm2 

Electrode spacing: 2 mm 
Polarizing voltage: —200 V 
Electrometer model: No model given here Serial No. 96 

3. Electrometer reading corrections 

All readings should be corrected for leakage 

3a. Reference thimble chamber 

Pressure P0 = 101.3 kPa; P = 100.9kPal = PQ 273.2 + T = 

Temperature T0 = 20.0°C; T = 23.9"C J PTP p 273.2 + T0 ~ 

Accelerator monitor unit setting = 300 m.u. 

Polarizing voltages: V, = ±300 V V2 = +700 V 

At V,: average of the reference chamber readings (both pol.) M]'( = 73.79 nC 

average of the external monitor chamber readings Mem = 12.43 nC 
Mf= MflMm- 5.936 

At V2: average of the reference chamber readings (both pol.) M" f = 72.93 nC 
average of the external monitor chamber readings Mm = 12.39 nC 

Mf = MflMcm = 5.S86 
MflMf = 7.009 

Recombination correction: 

for VXIV2 = J Table VII pa/*><* beam~ a0 = 7J9S, a, = -0.875, a2 = 0.677 

ft = a0 + a, 
' "42"/ \M2/ 

Af*f = MfpsPTf = 6.064 nC 

tern*)-"" 
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3b. Plane parallel chamber. 

Pressure P0 = 101.3 kPa; P = 100.5 kPa 
Temperature T0 = 20.0°C; T = 24.CC 

Accelerator monitor unit setting: 300 m.u. 

P0 273.2 + T 
pTP = — = 1.022 

P 273.2 + T0 

Polarizing voltages: ±200 V V2 = ±66.67 \ 

At K,: average of the plane parallel chamber readings (both pol.) Mj>p = 21.51 nC 
average of the external monitor chamber readings Mcm = 12.66 nC 

M/
PP=MT/MOT = 7.699 

At K2: average of the plane parallel chamber readings (both pol.) 
average of the external monitor chamber readings 

M2
PP = 21.29 nC 

Mm = 72.65 nC 
Aff = Af?Wem = 7.685 

Mf/iMf = 7.070 

Recombination correction: 

for Vx/V7 = 3 Table VII pulsed beam=» 

p5 = Oo + a, —;- + a2 I — - = 1.005 
VM/7 VM/V 

Plane parallel chamber factor 

Oo = 7.798, a, = -0.875, a2 = 0.677 

JWP = Mf p s />TP = 7.744 nC 

i^ref _rcf _ref „ref 
,rcf « PwallT'cavfcel 

A*"" P&PS. 

Perturbation factors for reference chamber-

_ref _ i 
Pwall — * 

p£y (Ez,r) = 1 - 0.02155r e-°
m*E' = 0.986 

p"[ = 0.998 from Section 10.2.2.1 (viii) 

Dpp 
.rcav 

Perturbation factors plane parallel chamber . ^ (or P0
P = p ^ p ^ , from Table XVII) 

Pwall — 1 

Absorbed dose to air factor: A£p
air = 138.8 x 10'3 Gy/nC 

given at P0 = 707.5 kPa, T0 = 20°C, 50% R.H. 
Polarizing voltage: -200 V 
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A.3. DETERMINATION OF THE ABSORBED DOSE TO WATER IN ELECTRON 
BEAMS USING A PLANE PARALLEL IONIZATION CHAMBER WITH 
FACTOR A^air 

Responsible physicist: User Date: 2 January 1996 

1. Radiation treatment unit and beam data 

Accelerator: Philips SL 20 

Electron nominal energy: 10 MeV 
Field size: 14 cm x 14 cm at SSD = 100 cm 
Nominal dose rate of the accelerator: 300 monitor units/min 

Ranges from depih-ionization curves at SSD = 100 cm 
measured in a PMMA phantom, puser = 1.175 g-cm"3 

5̂0,phamom - 3.61 c m ^p.phamom = 4.51 Cm #100.phamom = 1.80 cm 

From Table Vffl: Cp, = 1.123 pable = 1.190 g-cm"3; Eq. (10.4) yields 

Ranges in water: 

i?5o,w = 4.0 cm Rpw = 5.0 cm 

Mean energy at the surface (Eq. (10.3a)), 

*^waier •* • •* ^ " "phantom 

Kioo.w = 2.0 cm 

E0 = 9.20 MeV 

2. Plane parallel ionization chamber 

Chamber model: NACP02 Serial No. 18-08 
Wall material and thickness: Graphite, mylar foil, 104 mg/cm2 

Electrode spacing: 2 mm 
Electrometer model: No model given here Serial No. 102 

Absorbed dose to air factor: Ag^ir = 138.8 x 10'3 Gy/nC 
given at P0 = 101.3 kPa, T0 = 20°C, 50% R.H. 
Polarizing voltage: -200 V 

3. Reference conditions for D„ determination 

Reference field size: 10 cm X 10 cm at SSD = 100 cm 
Reference depth in water of Pcf( (Table X):30 zKf,w = 2.0 cm 

Zref.w/Kp.« = 0.400 Table XII yields £ /£» = 0.521 

The centre of the front surface of the air cavity for a plane parallel chamber. 
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Mean energy at the reference depth in water 2ref-w, Ez = 4.8 MeV 

Measurements to be performed in a PMMA phantom at a depth zrcf,Phaniom = 1-&0 c m 

4. Electrometer reading corrections 

All readings should be corrected for leakage: 

Pressure P0 = 101.3 kPa; P = 100.5 kPa ~) = Po 273.2 + T _ 

Temperature T0 = 20.0°C; T = 24.3°C J Prp ~ p 273.2 + T0 ~ 

Accelerator monitor unit setting: 300 m.u. 

Polarizing voltages: V, = ±200 V V2 = ±66.67 V 

At Vx: average of the plane parallel chamber readings (both pol.) M™ = 21.55 nC 

average of the external monitor chamber readings Mcm = 12.66 nC 
M? = Mfp/Mm = 1.702 

At V2: average of the plane parallel chamber readings (both pol.) M™ = 21.33 nC 
average of the external monitor chamber readings Mtm = 12.65 nC 

M/p = MflMm = 1.686 

M^IM!9 = LOW 

Recombination correction: 

for V}/V2 = 3 Table VII pulsed beam =» a0 = 1.198, a, = -0.875, a2 = 0.677 

Ps = ^ + a1{-j-)+a2(-j-) =1.005 
V « 2 / V « 2 / 

Electron fluence correction, plastic to water (Table XVIII) hm(Ez) = 1.007 

Mvv = MfppsPJPhm(E,) = 22.30 nC 

5. Absorbed dose to water 

Av(Z r e f) = MP P iVD .airVair(Eo. Zrcf) PQ 

Stopping power ratio water/air (Table XVI): swMr(E0, *rcf) = 1-051 

Overall perturbation factor (Table XVII): pQ(,Et) = 1.000 

Av(zref) = 3.252 Gy per 300 m.u. 
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A.4. DETERMINATION OF THE ABSORBED DOSE TO WATER IN ELECTRON 
BEAMS USING A PLANE PARALLEL IONIZATION CHAMBER WITH 
FACTOR JV»WiCo 

Responsible physicist: User Date: 2 January 1996 

1. Radiation treatment unit and beam data 

Accelerator: Philips SL 20 

Electron nominal energy: 10 MeV 
Field size: 14 cm x 14 cm at SSD = 100 cm 
Nominal dose rate of the accelerator: 300 monitor units/min 

Ranges from dspth-ionization curves at SSD = 100 cm 
measured in a PMMA phantom, puser = 1.175 g-cm"3 

^SO.phantom = 3 6 1 c m #p.pha,uom = <51 Cm *l00,ptamom = L 8 0 c m 

From Table Vffl: Cpl = 1.123 pub le = 1.190 g-cm"3; Eq. (10.4) yields 

"water = l-l"" "phantom 

Ranges in water: 

ŝo.w = 4.0 cm Rpvi = 5.0 cm Rm,v = 2.0 cm 

Mean energy at the surface (Eq. (10.3 a)), E0 = 9.20 MeV 

2. Plane parallel ionization chamber 

Chamber model: NACP02 Serial No. 18-08 

Wall material and thickness: Graphite, mylar foil, 104 mg/cm2 

Electrode spacing: 2 mm 
Electrometer model: No model given here Serial No. 102 

Absorbed dose to water factor: N$'.w,co = 159.1 x 10'3 Gy/nC 
given at P0 = 101.3 kPa, T0 = 20°C, 50% R.H. 
Polarizing voltage: —200 V 

3. Reference conditions for Z>w determination 

Reference field size: 10 cm X 10 cm at SSD = 100 cm 
Reference depth in water of Pc„ (Table X):31 zrefw = 2.0 cm 

Zrf.JRp.v, = 0.400 Table XII yields EJE0 = 0.521 

31 The centre of the front surface of the air cavity for a plane parallel chamber. 

95 



Mean energy at the reference depth in water zrefw, Ez = 4.8 MeV 

Measurements to be performed in a PMMA phantom at a depth zref,pllaiii0n] = 1.80 cm 

4. Electrometer reading corrections 

All readings should be corrected for leakage 

Pressure P0 = 101.3 kPa; P = 100.5 kPa) _ PQ 273.2 + T _ 

Temperature T0 = 20.0°C; T = 24.3°C ) PrP ~ p 273.2 + T0 ~ 

Accelerator monitor unit setting = 300 m.u. 

Polarizing voltages: Vx = ±200 V V2 = ±66.67 V 

At K,: average of the plane parallel chamber readings (both pol.) Mf9 = 27.55 nC 
average of the external monitor chamber readings Mcm = 12.66 nC 

Mf* = MflM^ = 1.702 

At K2: average of the plane parallel chamber readings (both pol.) M2
PP = 21.33 nC 

average of the external monitor chamber readings Mm = 12.65 nC 
M/" = M?/Mm = 1.686 

MflM? = 1.010 

Recombination correction: 

for VJVj = 3 Table VII puked beam=» <% = 1.198, a, = -0.875, a2 = 0.677 

/MF\ /M,PPY 
ps = a0 + aA —— + a2[ —— = 1.005 

Electron fluence correction, plastic to water (Table XVIII) hm{E,) = 1.007 

Mw = Mf Psp7Phm(Ez) = 22.30 nC 

5. Absorbed dose to water 

r, (7 \ _ wPP »rPP (•VaiJo, A? 

(5w,air)co Pwall.Co 

Stopping power ratio water/air (Table XVI): svMr(E0, zref) = 1.051 
Overall perturbation factor, electrons (Table XVII): pQ = 7.000 
Perturbation factor for '"Co (Table XIII) Pwaii.co = 1-012 
Stopping power ratio water/air for ^Co: (Vair)c<> ~ 1.133 

Av feef) = 3.252 Gy per 300 m.u. 
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Appendix B 

STOPPING POWER RATIOS 
m CLINICAL ELECTRON BEAMS 

The selection of stopping power ratios water/air for clinical electron beams is 
normally based on the use of the so-called sv^r(EQ,z) method, where E0 is the mean 
energy of the incident electron beam at the phantom surface and z the depth of mea
surement. Stopping power ratios are determined for monoenergetic electron beams, 
usually by means of Monte Carlo calculations, and E0 provides the link between the 
clinical electron beam and the energy of the electrons used for the calculation. In a 
sense, EQ provides an approximate indication of the electron beam quality. 

It is the purpose of this Appendix to illustrate the validity and limitations of 
the 5wair(£0,z) method, presenting arguments published since the IAEA Code of 
Practice TRS-277 [1] was issued. It is shown here that this procedure, used together 
with the simple approximation of £0 given in TRS-277 and most dosimetry pro
tocols, provides an estimate of sw air at the reference depth that is accurate within 
about 1 % for the energy range and the type of beams most commonly used in radio
therapy with electron beams. 

B.l. ENERGY-RANGE RELATIONSHIP 

The relationship between the mean electron energy at the surface of a phantom, 
E0, and the depth of the 50% absorbed dose in water, fl50, received special attention 
some years ago, after the dosimetry recommendations of die AAPM TG-21 [7]. 
AAPM recommended the same approximate linear relationship for 5-50 MeV as had 
been determined experimentally by Brahme and Svensson [77] for 5-30 MeV 
clinical beams. The relationship had been given in NACP [130] and ICRU 35 [22], 
where it was extended up to 50 MeV. Today all dosimetry protocols use the 
2.33 approximation, i.e. EQ = 2.33 fl50, including the AAPM TG-25 [9] recom
mendations for clinical electron beam dosimetry. 

AAPM TG-21 derived the same value for the constant, 2.33 cm-MeV"1, 
from an analysis of depth-dose curves for monoenergetic beams calculated by Berger 
and Seltzer using the Monte Carlo code ETRAN. Values of /?50 for monoenergetic 
electron beams computed with the Monte Carlo system EGS4 [127] were published 
subsequendy by Rogers and Bielajew [78]. The Monte Carlo code ETRAN has been 
improved considerably [131] and so has the ITS system [129], a spin-off of ETRAN. 
Comparisons with the previous version of ETRAN and ITS by Andreo [57] using 
ITS3 have shown significant changes in electron depth-dose data in water. For 
example, for a 20 MeV electron beam J?50 decreases by about 3%, which, using the 
2.33 approximation, yields an incident energy 0.6 MeV lower than the previous 
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code. These results would, in principle, invalidate die analysis of die Monte Carlo 
monoenergetic data used by AAPM TG-21 and subsequent references mentioned 
above. Andreo [57] also showed that the two Monte Carlo systems EGS4 and ITS3 
(or ETRAN) today yield similar depth-dose distributions in water, especially at high 
energies [57]. 

A detailed analysis of R50 values in terms of relative depth-dose distributions 
shows very good agreement at high energies. However, at lower energies, in the 
range most commonly used in radiotherapy with electron beams, discrepancies in 
R50 increase with decreasing energy, differences being close to 2% at 5 MeV. 
Figure 16, adapted from Ref. [21], compares results obtained with the two Monte 
Carlo codes, EGS4 and ITS3, showing that, although depth-dose distributions in 

Energy (MeV) 
0 10 20. 30 40 50 

0 5 10 15 20 
R50 in water (cm) 

FIG. 16. A comparison of E0/R50 versus K50 (and approximate energy) for monoenergetic 
beams obtained with two Monte Carlo codes (circles: ITS3; squares: EGS4), showing that even 
if depth-dose distributions in water are similar, small discrepancies close to R10o yield 
different estimates of a relationship between Rso and the incident energy. The '2.33 approxi
mation ' used in most protocols and obtained from a linear fit to experimental data (5-30 MeV) 
is included for comparison (straight line, bottom). The dashed line is the Eg/Rso formula 
given in Ref. [78], reproducing the EGSdata in the energy range of 5-40 MeV. The solid line 
is a fit to the ITS data, which reproduces the values in the range of 5-50 MeV. Adapted from 
Andreo [21]. 
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water are similar, discrepancies in energy deposition close to the depth of the 
maximum (i?ioo) yield different estimates of i?50 for monoenergetic beams. The 
2.33 approximation is included for comparison. It becomes obvious that the EGS 
based relationship systematically yields a mean electron energy larger than that from 
ITS except at the rather uncommon very high energy end, and both are well above 
the 2.33 approximation. Figure 16 also shows the inadequacy, at very high energies, 
of the formula relating mean energy and R50 given in Ref. [78], which has some
times been used up to 50 MeV. Users should be aware of the range of validity of 
the numerical fit, and the warning also applies to the experimentally derived 
2.33 approximation (up to 30 MeV). 

Whereas the two new Monte Carlo determinations should be more accurate 
than that based on the old ETRAN code, it is not possible to give solid arguments 
to prefer one of the new sets over the other (EGS over ITS, or vice versa). Monte 
Carlo calculations by Udale-Smith [132] have confirmed, however, that the 2.33 
approximation constitutes an average value, with more practical application than a 
relationship obtained from beams without energy and/or angular spread, at least in 
the most commonly used energy region, below 20 MeV approximately. After 
simulating in great detail the treatment head of several medical accelerators to deter
mine the mean energy of the electron spectra incident on a phantom, in general better 
agreement was obtained with the constant 2.33 ratio than with the relationship given 
in Ref. [78], even if the same Monte Carlo code (EGS4) was used in both studies. 
Furthermore, determinations of the mean energy at calibration depths based on the 
2.33 approximation to derive EQ, in Udale-Smith's work yielded the better estimate 
for clinical beams when compared with her detailed simulations. 

It should be stressed that accurate experimental determinations of the mean 
energy at the surface are extremely difficult. Energy determinations based on spec-
trometric measurements have been reported [133, 134] where detailed straggling 
distributions around the most probable energy have been obtained. However, precise 
measurements of the low energy tail of a straggling distribution are inherently limited 
by the experimental procedure, and therefore experimental determinations of the 
mean energy of the spectrum will in general overestimate the true value. 

B.2. VALIDITY OF THE sw,air(£0,z) SELECTION PROCEDURE 

Most dosimetry protocols select stopping power ratios after the determination 
of the mean electron energy at the phantom surface as discussed above. The depth 
of the effective point of measurement of the ionization chamber is used to select the 
stopping power ratio, at the same depth, of a monoenergetic beam with energy 
equal to E0. 

In order to verify the validity of the sw,air (E0,z) method, electron beams with 
energies close to 10 MeV and with varying energy and angular spread, which in 

99 



most cases exceed the conditions existing for clinical beams, were analysed by 
Andreo et al. [135]. Monte Carlo calculated depth-dose and j w a i r distributions for 
a beam with the largest energy and angular spread (1 mm Pb single scattering foil 
and Arms = 20°) were compared with the corresponding distributions of the £0 

based monoenergetic equivalent beam, by using E0 = 2.33 R50, as in the majority 
of the dosimetry protocols. It was concluded that the Jw,air(£o>z) method produces 
a maximum deviation from the Monte Carlo values (computed for the full spectrum 
of the beam being considered) of less than 1% in the investigated beams, the 
absorbed dose being underestimated at shallow depths and overestimated at depths 
larger than the reference depfli. When beams with distributions closer to clinical 
beams were used, the approximation gave $w>air values in very good agreement (less 
than half a per cent in difference) with the detailed Monte Carlo calculations. For 
beams with very small spread, the agreement was better than the estimated uncer
tainty of the stopping power ratios. 
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FIG. 17. Monte Carlo calculated depth-dose and water/air stopping power ratio distribu
tions (solid lines) for a 'realistic' electron beam, including the energy and angular spread of 
electrons and contaminant photons produced in the beam defining system. From the 
depth-dose curve, R50 = 4.2 cm is obtained, which, together with the '2.33 approximation', 
yields E0 ~ 9.8 MeV. Stopping power ratios for a monoenergetic beam of 9.8 MeV, as 
recommended by most protocols, are shown by the dashed line. Adapted from Andreo and 
Fransson [120]. 
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FIG. 18. Full Monte Carlo simulations (solid lines) of collimated electron beams with 
energies of 5, 10 and 20 MeV having passed through single scattering lead foils, air and 
water, compared with the swair (B0 = 2.33 R50, z) method (dashed lines) used in dosimetry 
protocols [137]. 

Detailed simulations of the treatment head of different clinical accelerators 
performed by Udale-Smith [132, 136] have demonstrated that a large contribution 
of contaminant secondary electrons and photons is present in the spectrum reaching 
the patient surface. The work by Andreo and Fransson [120] considered Udale-
Smith's combined electron and photon spectra [136] as input to detailed Monte Carlo 
calculations in water, comparing with the s^^iE^z) method. Depth-dose data and 
water/air stopping power ratio distributions for the 'realistic' beam are shown in 
Fig. 17, together with swair values for a monoenergetic electron beam of 9.8 MeV 
(based on E0 = 2.33R^). It can be seen that the iwair value at the reference depth 
computed for the 'realistic' beam differs by less than 0.5% from the Vair^o^ref) 
value determined according to most dosimetry protocols, differences being larger at 
shallow deptihs. The maximum deviation within the therapeutic range of the beam 
occurs close to the surface, but even there differences never exceed 1%. These 
results demonstrate that the Jw,air(£o»z) method, in combination with the approxima
tion EQ = 2.33 R5o, provides an estimate of the stopping power ratio for the calibra
tion of electron beams which is accurate within 0.5% approximately, at least for the 

^ 1.100 

n.Qsn : 
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electron energies more commonly used in therapy. Calculations based on determina
tions of the mean energy at depth for a variety of simulated 'realistic' clinical 
electron beams [132] lend support to this conclusion. 

As a final verification, the calculations have been extended to other energy 
ranges [137]. Collimated electron beams of about 5, 10 and 20 MeV, having passed 
through single thick scattering foils, air and water, were simulated as a full configu
ration (i.e. without splitting the simulation at the phantom surface), and the above 
procedure was repeated. These beams should have stronger contamination than that 
existing in most therapeutic accelerators. Results for the full calculations of stopping 
power ratios are shown in Fig. 18, confirming the conclusions given above for 
10 MeV and lower energies. At the less common (therapeutically speaking) higher 
energies, it can be observed that, mainly because of the bremsstrahlung contamina
tion produced in the scattering foils, discrepancies at the reference depth can be 
slightly larger than 1%, but will not generally exceed this limit in practical cases. 

From these results the following conclusions can be drawn: 

• •Vair depth distributions for clinical and for monoenergetic beams have 
different slopes, crossing at a depth (usually larger than the reference depth) 
which varies with the contamination of the beam. Changing EQ simply 
changes the depth of the point of intersection. 

• Vairfcef) f° r clinical beams will generally be larger than that obtained from 
monoenergetic beams using 5w>air(£0» zref) because bremsstrahlung contamina
tion is ignored, but the difference remains within about 1 % if used together 
with the 2.33 approximation. At shallow depths, differences with true swair 

values are greatest. 
• Attention should be paid to the reference depth chosen for beam calibration, 

particularly at high energies. Beams with a large electron contamination will 
have the depth of the maximum dose /?ioo close to the surface. Using zref 

instead of Rl00, as recommended in Section 7 and also by ICRU 35 [22] and 
other protocols, makes a significant difference. Choosing -Vairferef) m s t e a d °f 
•Vair(^ioo) wi"> m general> yield smaller deviations from the 'true' value. 

• Any 'improvement' in the determination of E0 (based on analytical expres
sions derived from data for monoenergetic electron beams [21, 78]), yielding 
EQ larger than the '2.33 rule' will increase differences in sw,airfeef)> a s m e 

stopping power ratios decrease with increasing energy. 

B.3. RECENT DEVELOPMENTS 

From the above it is obvious that there is no simple method yet available of 
predicting accurately the dependence of JW air at different depths on the electron and 
photon contamination of the beam unless a full Monte Carlo simulation of the com
plete accelerator treatment head is performed. The original work by Udale [136], 
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FIG. 19. Comparison of the methods to select stopping power ratios in 'realistic' electron 
beams using the Monte Carlo simulations of Fig. 18 for 20 MeV electrons. The solid line cor
responds to the swair (E0 = 2.33R50, z) procedure, and the dotted line is the method 
implemented in DIN [13]. For completeness, the scaling procedure recommended in Ref. [I] 
for relative dosimetry in beams where the energy and angular spread are not negligible is 
included as the dashed curve. 

combined with the subsequent calculations by Andreo [120], first came close to this 
ideal. The recent work by Ding et al. [138] has extended the procedure to a variety 
of clinical accelerators (see also Ref. [139]), giving the possibility of providing users 
with machine dependent stopping power ratios for electron beam dosimetry. It is, 
however, important to emphasize that small differences from machine to machine 
resulting from on-site adjustments by the manufacturer (usually during the installa
tion procedure) are difficult to take into account in Monte Carlo techniques. 

Two new procedures have recently been suggested that should be considered 
in future developments in die field. Neither provides solutions to the limitations 
stated in the previous section nor has been thoroughly tested to justify a recommen
dation in the present report. 

The first one, proposed by Harder [140] and implemented in DIN [13], aims 
at incorporating the energy and angular spread of the clinical electron beam by 
assuming a fictitious higher energy beam traversing a thickness of water greater than 
the clinical beam. The difference in water thickness acts as a fictitious source of 
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energy and angular spread, and the original E0 is still maintained at the real 
phantom surface. The selection procedure is based on the two parameters R50 and 
Rp, which intrinsically provides a better beam characterization than R50 alone. 
At high energies it can be seen in Fig. 19 that this procedure agrees with the 
Monte Carlo derived Jw3jr(z) distributions better man the Jw,air(^o^) method of 
dosimetry protocols although the correct slope is not predicted. Better improvement 
is achieved at 10 MeV where the slope of the distribution is followed more closely. 
However, as bremsstrahlung contamination is ignored in the procedure, 5w,airferef) 
is still too low. For completeness, a comparison with the scaling procedure 
recommended in Ref. [1] for relative dosimetry in electron beams where the energy 
and angular spread are not negligible is included in Fig. 19; it can be observed that 
the scaling with Rp does not lead to a practical improvement and hence is not 
recommended. 

The second method aims at incorporating, in the stopping power ratio, the 
effect of the bremsstrahlung contamination of the electron beam produced in 
the different components of the treatment head. A proposal has been given by 
Klevenhagen [141] to use a modified two component stopping power ratio which 
includes a contribution due to the bremsstrahlung contamination. Unfortunately, the 
problem of determining this component at zref remains unsolved. The recent 
simulations of clinical accelerators by Ding et al. [138] have found that the estimates 
by Klevenhagen on bremsstrahlung contamination in clinical accelerators were 
excessively large. From a linear fit of their results simulating different therapy 
machines with scattering foils, an expression is provided in Ref. [138] to correct for 
the bremsstrahlung contamination the stopping power ratio at the reference depth 
obtained with Vair(^o>zref)>

 i-e-

V a i r = (0 .9952 + 0 .0032 Z?x) 5w,air(£0,Zref) (B.1) 

where Dx is the percentage depth-dose in the bremsstrahlung tail, 2 cm past the 
practical range Rp. 

In the future, a combination of these two procedures might lead to an improved 
general method of selecting stopping power ratios in clinical electron beams. 
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Appendix C 

CHAMBER PERTURBATION FACTORS 
IN ELECTRON AND PHOTON BEAMS 

C.l. ELECTRON BEAMS 

C.l.l. Cavity and wall effects 

Perturbation effects in low density, i.e. gas cavities, were first analysed theo
retically by Harder [32]. The angular distribution of primary electrons changes with 
depth in electron beams, which can lead to irregular patterns of (primary) electron 
fluence in and just behind gas cavities. Harder described two effects that perturb the 
electron fluence compared to that at the same position in the undisturbed medium. 
One of them is due to an imbalance between the number of electrons that come into 
the gas cavity through the side walls and the number of electrons already in the cavity 
that leave it. This is due to the fact that the average angular divergence of the former 
is greater than mat of the latter. This has become known as in-scattering and will 
cause the fluence in the cavity to increase. The odier effect is that the fluence of elec
trons entering the front wall of a plane parallel cavity is hardly affected by the scat
tering in the air, whereas in the medium the fluence continues to build up owing to 
scattering. This effect results in a lower fluence in the gas cavity than in the medium 
at the same depth. Thus the two effects act in opposite directions. The second, or 
fluence buildup, effect is generally taken care of by referring me reading of the 
chamber to an effective point of measurement which differs from that of the chamber 
centre. This depth can be thought of as the depth in the uniform medium where the 
electron fluence is equal to that entering the cavity. The position of Peff is thus 
upstream or in front of the chamber centre. For cylindrical chambers in electron 
beams, for example, this shift from the centre is currently recommended to be 
0.5 r (see Section 2). 

The first effect, due to a net in-scattering, has been demonstrated experimen
tally for cylindrical chambers by several workers [32, 37]. Its magnitude exceeds 
3% for Farmer type chambers for Et below 8 MeV and is one of the principal rea
sons why plane parallel chambers are recommended in low energy electron beams. 

Any discussion of the magnitude of cavity perturbation effects is only meaning
ful when referred to a particular depth in the undisturbed medium as was explained 
above. This is expressed in the following definition of a perturbation factor /?cav, 
which corrects solely for the effect of the air cavity: 

*med tf'eff) = *cav/>cav ( C . l ) 
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where $med (Peff) and l 1 ^ refer to the primary electron fluence in the undisturbed 
medium (at the depth of the effective point of measurement Peff) and in the cavity 
(averaged over the volume) respectively. Furthermore, one should note that this defi
nition of the perturbation correction factor is only consistent with the expression for 
the absorbed dose to water (Eq. 5.1) if at the same time the energy distribution of 
the electron fluence in the cavity is very similar to that at Peff in the uniform 
medium. This makes it possible to use the standard computations of the stopping 
power ratio, which are based on the Bragg-Gray requirements of identical fluences, 
differential in energy, in the medium and in the detector material. 

In coin shaped gas cavities, the in-scattering perturbation in the electron 
fluence is confined to a region close to the edges of the cavity [2]. Therefore, by 
constructing the chamber with a guard ring of sufficient width it is possible to 
exclude the contribution to the ionization signal from this edge region. In this case, 
the sensitive region of the air cavity samples the electron fluence incident through 
the front window, and hence it is natural to take the position of Peff as the centre of 
the inside surface of the front window. 

The above conventional assumption on the position of Pe{{ requires that there 
be relatively few electrons travelling at large angles; it is obvious that electrons inci
dent at right angles to the beam direction will be able to contribute to the measured 
signal, irrespective of the width of the guard ring. However, at depths close to or 
beyond that of the maximum dose such perpendicular electrons must be present. 
Consequently, the choice of the inside of the front window for Peff irrespective of 
depth is expected to be a less good approximation at large depths. 

The above discussion has assumed that the material surrounding the air cavity 
is phantom equivalent. In most designs of plane parallel chambers, however, there 
is an appreciable amount of material behind the cavity, and this material differs 
from design to design. Hunt et al. [54] have drawn attention to the possibility 
of backscatter corrections for plane parallel chambers irradiated in electron beams 
and have demonstrated experimentally that such effects must exist (see below). 
Klevenhagen [70] fitted the Hunt data and proposed a set of factors to correct for 
the electron backscatter deficiency of some common chamber materials compared to 
water. This suggests that backscatter plays a role in the response of certain plane 
parallel chambers. It should be part of any theoretical treatment of the variation of 
the overall perturbation factor pq with electron energy and with chamber material. 

The overall perturbation factor p Q will be written as the product of two 
factors: 

PQ = PcavPwall ( C 2 ) 

where pav refers exclusively to the perturbation due to the air cavity, i.e. 
predominantly in-scattering effects, and pwM refers to any effects due to the 
composition of the chamber wall, which could include possible backscatter effects. 
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As discussed above, the perturbation factor />Q must be applied together with the 
concept of Feff. 

C.1.2. Experimental work 

There is considerable evidence that perturbation effects are not always 
negligible for plane parallel chambers used in low energy electron beams 
[5, 76, 126, 142-147]. However, in all experimental investigations assumptions 
have to be made on the response of the reference chamber to which the plane parallel 
chamber is being compared. Frequently, a cylindrical chamber has been used as the 
reference, which has then involved the use of /JQ for this chamber. This is an 
unsatisfactory procedure as the use of a cylindrical chamber is not recommended at 
energies below E0 = 10 MeV for the very reason that its perturbation cannot be 
accurately corrected for. It is hardly surprising that a considerable spread in the 
results for certain plane parallel chambers has been obtained [21, 85]. 

The alternative to the use of a cylindrical chamber as reference is to compare 
one plane parallel chamber design with another. In such investigations, it has 
generally been assumed that the NACP chamber has a perturbation factor of unity 
down to Ez = 2 MeV. It is genuinely difficult to verify this assumption by 
reference to a completely independent method of measurement. Van der Plaetsen 
et al. [107] used the ferrous sulphate dosimeter as a test of their complete procedure 
of determining the absorbed dose to water using the NACP chamber following 
Ref. [1]. They concluded from this comparison that there was no evidence to suggest 
that the assumption of unity perturbation factor for the NACP chamber was substan
tially in error. They stated that the doses determined by using the NACP chamber 
were systematically 0.5% higher than those obtained with ferrous sulphate dosimetry 
adopting 352 x 10 ~6 m"2-kg"'-Gy"1 for emG. However, even here several key 
assumptions are involved: principally, the constancy of emG with electron energy, 
and the correctness of the j w a i r values employed. From such an investigation it is 
not possible to state that the factor pQ is solely responsible for any energy depen
dence of the ratio Dw(ion)/Z>w(Fricke). 

Roos [51] carried out a very detailed experimental study of the response of 
plane parallel chambers in electron beams. In one investigation a series of chambers 
with different guard ring widths, each with the same cavity height of 2 mm, were 
compared to each other in a 6 MeV beam (Fig. 20 [51]). It can be seen that for 
widths greater than 3 mm the chamber perturbation remained constant. A reasonable 
interpretation of this latter experiment is that pw is unity for all guard ring widths 
greater than 3 mm. 

In a further series of measurements, Roos [51] compared the responses of the 
NACP, PTW/Markus and Schulz (M 23 346) designs with the Roos chamber 
(PTW 34 001) which has a 4 mm guard. The latter chamber was specifically 
designed to exhibit negligible perturbation in low energy electron beams. It was 
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FIG. 20. Experimental study of the effect of guard ring width on the perturbation factor for 
various plane parallel chamber designs. The points labelled (1) and (3) are the PTW/Markus 
chamber and the NACP chamber, respectively. Points (2), (4) and (5) are specially con
structed chambers of the PTW/Roos design with guard ring widths of 2, 4 and 8 mm, respec
tively. The measurements were made at the depth of dose maximum in a 6 MeVbeam against 
a chamber with an ultrdbroad (8 mm) guard ring, with the normalization of the response 
quotients obtained in a 20 MeV beam [148]. 

found that there was negligible difference in the responses of the Roos and NACP 
chambers. However, for the two other chambers investigated, the PTW/Markus and 
PTW/Schulz models, the perturbation factor began to decrease below unity for ener
gies of Ez ~ 10 MeV and below (see Fig. 9). The ratio of the response of the 
PTW/Markus and NACP chambers that Roos [51] has found was, in fact, very close 
to the measurements of Van der Plaetsen et al. [107]. It is tiius beyond doubt that 
at least some designs of plane parallel chamber have non-unity overall perturbation 
factors PQ below Ez « 10 MeV. 

The constant ratio, within experimental uncertainties, of the responses of me 
NACP and Roos chambers discussed above, which both have adequate guard ring 
widths, is strong evidence diat die two chambers exhibit the same overall perturba
tion (or no perturbation at all) over the range of experimental conditions studied. It 
is, however, conceivable that bom designs are subject to me above mentioned wall 
effects but of equal magnitude. These wall effects will now be discussed in detail. 
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Hunt et ai. [54] investigated the change in chamber response for different elec
tron energies (in the range of 5-14 MeV) for varying thicknesses and diameters of 
backscattering material and for varying backscatter material type. It was found that 
die electron backscatter was proportional to the effective atomic number32 of the 
scatterer and inversely proportional to the electron energy. By using PMMA as the 
scatterer backing the air volume of a chamber, it was shown that the backscatter 
effects saturated at 4 mm thickness, independent of me electron energy. However, 
scattering effects did not saturate with the diameter of the scatterer until diameters 
of several centimetres were reached, depending on the electron energy. Comparative 
measurements with different parallel plate chambers showed differences in dose up 
to around 2% at lower energies, which were interpreted as a deficiency of electron 
backscatter into the air volume from the material (polystyrene) backing the volume, 
as compared with water. 

The back wall of the Roos chamber is rather thin (1.3 mm) and is made of 
PMMA, whereas the NACP chamber has considerably more material ( ~ 7 mm), 
which is predominantly graphite. According to the data in Hunt et al. [54], the Roos 
chamber should exhibit a negligible backscatter perturbation as the thickness of the 
back wall is a fraction of the 4 mm necessary to achieve saturation. On the other 
hand, simply applying the Klevenhagen [70] fit and hence ignoring the subsaturation 
thickness of the Roos chamber back wall, the backscatter deficiency factors for these 
two materials differ by only 0.2% for Ez between 3 and 20 MeV, the values at 
Ez = 3 MeV being 1.010 and 1.012 for carbon and PMMA, respectively. Thus, 
one possible interpretation of the experimental data in Fig. 9 is that both die NACP 
and Roos chambers have an overall PQ that increases gradually with decreasing Ez, 
reaching a value of approximately 1.01 at 3 MeV. This would men increase the /?Q 
values for the other chambers in the comparison by this amount. 

Nilsson et al. [150] studied the effect on chamber response of backscatter from 
different materials using a specially constructed chamber in which the back wall 
material could be changed. Their measurements were consistent with both the Hunt 
et al. and Klevenhagen numbers for the case of backscatter from polystyrene relative 

The definition of effective atomic number adopted in the work of Hunt et al. [54] 
and Klevenhagen [70] is based on a fit of experimental backscatter data over the entire range 
of atomic elements in terms of log (Z + 1) [149], where 

Z<ff = n (Zj + I P - 1 

where w;- is the fraction by weight of the/th constituent of the material. Note that for most 
plastics used in dosimetry this definition yields Zcff values within ±2% of those obtained for 
the mean atomic number Z defined as in ICRU 35 [22] (see Section 4.1.1). When the propor
tion of high Z constituents (Ca, Ti, CI, Br, etc.) increases, as in RW-2 muscle equivalent 
plastic [63] or plastic water [64], the differences between Zeff and Z increase up to 7%. 
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to PMMA. However, for graphite relative to PMMA, they found that the chamber 
signal was approximately 0.5% greater, independent of Ez, which is not consistent 
with values given by Klevenhagen for the correction factors. Furthermore, they 
pointed out that at three out of the four Ez values, the Hunt et al. experimental data 
for graphite (relative to polystyrene) deviated significantly from the smooth curve 
through the points for other materials when plotted as a function of atomic number. 
In fact, a close inspection of the plots in Hunt et al. [54] shows that, at Ez = 
3.1 MeV, graphite produces the same backscatter as water to within 0.2% and 
approximately 1 % more backscatter than PMMA, whereas the fit to their data by 
Klevenhagen gives 1% more and only 0.2% more, respectively. 

Consequently, an equally plausible interpretation of the constant response ratio 
between the Roos and NACP chambers is that the former has a negligible backscatter 
perturbation effect due to the thinness of the PMMA back wall, whereas the much 
thicker graphite back wall in the latter behaves in an approximately water equivalent 
manner. 

C.1.3. Conclusions 

The lack of agreement in the literature concerning the backscatter from 
graphite relative to other dosimetric materials makes it impossible, at present, to 
recommend values for pwaU for any particular chamber. A further factor to be taken 
into account is the composite nature of the back wall in the NACP chamber, in which 
both graphite and polystyrene are present. In particular, it cannot be concluded with 
any confidence that the pwan values for the Roos and NACP chambers both depart 
from unity in the same way. The best interpretation of the experimental data on the 
relative response between different chambers (Fig. 9) is that the Roos and NACP 
chambers do show negligible overall perturbation for the particular conditions of 
measurement, i.e. Peff at or close to depths equal to zref, and consequently that the 
PQ factors for other chambers can be deduced from measurements relative to either 
of these chambers (see Table XVII). However, the recommendation in this protocol 
is that a particular design of plane parallel chamber should only be used over an 
energy range such that the overall factor pQ is within 1% of unity; in addition, p^ 
and /7wa]1 should each be within 1 % of unity. 

C.2. PHOTON BEAMS 

C.2.1. Cavity and wall effects 

The commercial designs of plane parallel chambers are not intended for abso
lute dose determination in megavoltage photon beams. However, calibrations of such 
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chambers may have to be performed in a ^Co beam (see Section 5). Thus it may 
be necessary to know how a flat chamber behaves in such a beam, i.e. the perturba
tion and other factors such as km must be known. Plane parallel chambers may be 
used for relative measurements in photon beams (see Section 8); perturbation can be 
a problem in the buildup region; this will also be discussed below. 

In general, the perturbation factor for a chamber in a photon beam can be 
written as the product of two factors, one accounting for any effect of the air cavity 
and one accounting for any effect of the wall; see Eq. (C.2). 

As for the case of electron beams, an effective point of measurement, Peff, 
must also be specified, together with the overall perturbation factor pQ. For photon 
beams at depths where electronic equilibrium is approximately established, p^ can 
be set equal to unity, provided that Peff is taken as the inside surface of the front 
window [37, 151]. 

Almond and Svensson [42] proposed a simple two component theory for the 
response of non-thick walled cylindrical chambers in megavoltage photon beams; 
this yielded a perturbation factor p^i to correct for the non-medium equivalence of 
the chamber wall. It was shown experimentally by Johansson et al. [37] that this 
theory worked reasonably well for the common designs of thimble chambers; values 
of /?wail based on this expression have been incorporated into Ref. [1] and many 
other national dosimetry protocols. Mattsson et al. [52] investigated the behaviour 
of several different commercial models of plane parallel chambers in a ^Co beam 
by reference to a normalization in a high energy electron beam. The assumption was 
that any effects due to different wall materials were negligible in such a beam; this 
is consistent with a subsequent theoretical treatment of the wall effect in electron 
beams [53]. It was found that the Almond-Svensson expression failed to predict the 
measured behaviour of plane parallel chambers in a ^Co beam. The measurements 
were repeated with specially constructed NACP type chambers with the front, side 
and back walls made of A-150 or graphite only, and now a response ratio was 
obtained which was close to that for cylindrical chambers of these two materials. 
Mattsson et al. [52] deduced that the unpredictable behaviour of certain standard 
designs of plane parallel chambers in ^Co radiation was due to the non-
homogeneous nature of the materials surrounding the air cavity. It must be stressed 
that this means that the factor km required to correct for non-air equivalence of the 
walls (plus buildup cap) of a plane parallel chamber when ArD-air is deduced from a 
calibration in terms of NK is also unpredictable (see Section 5). Wittkamper et al. 
[47] subsequently confirmed the above findings. They concluded that at ^Co the 
NACP chamber had a behaviour in between that of a homogeneous polystyrene 
chamber and a homogeneous graphite chamber, despite the relatively small amount 
of Rexolite (polystyrene) mostly in the side walls, whereas the PTW/Markus cham
ber behaved as a homogeneous graphite chamber although it also has a non-
homogeneous construction. The very extensive series of measurements by Laitano 
et al. [49] suggested that the NACP chamber (model NACP-02) behaved almost as 
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FIG. 21. Comparison between experimental results and the Monte Carlo calculations by 
Rogers [48, 94] of p^, , factors in ^Co gamma ray beams for various plane parallel ioniza
tion chambers. The histogram represents per cent deviations of the experimental data relative 
to the Monte Carlo simulations, obtained from the data tabulated in Ref. [48]. The solid curve 
is a Gaussian fit of the deviations yielding a standard deviation ofO. 85% and a mean deviation 
of 1.2% (offset of the peak) between the experimental and the calculated values. 

if made of polystyrene, the PTW/Markus and PTW/Schulz chambers as PMMA 
equivalent, the Memorial/Holt chamber as polystyrene and the Capintec chamber as 
graphite; the principal material of the latter is polystyrene, however. Mention can 
also be made of a study of the response of an extrapolation chamber with inter
changeable wall materials [152]. It was shown that, in a ^Co beam, substituting 
aluminium for A-150 in the front wall only caused a 10% decrease in specific ioniza
tion, whereas in the side or back walls this caused an increase of up to 20%. Such 
results can only be explained in terms of electron scattering differences between dis
similar wall materials rather than by the simple two component theory [42] which 
only deals with die case where the electrons were generated by photon interactions. 

Rogers [48, 94] has investigated the response of parallel plate chambers in 
^Co radiation using the EGS4 Monte Carlo system. The geometry of die calcula
tion was intended to correspondd to the in-air ^Co calibration. Thus 0.5 g-cm~2 of 
buildup material was added to the front face of the chambers; this material was 
chosen to match that of the chambers' predominant material. It was assumed that 
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in-air results could be used to derive /?wan correction factors for ionization chambers 
positioned at a 5 g-cm"2 depth in a phantom of the same material as the buildup 
material. These Monte Carlo simulations confirmed the surprising behaviour of cer
tain plane parallel chambers in ^Co radiation that had been found in experiments 
[52]. The energy deposition in the air cavity, i.e. the chamber response, was shown 
to depend very strongly on the material behind the cavity. This was ascribed to 
changes in electron backscattering. In general, these Monte Carlo simulations sup
ported the conclusions of others, e.g. Refs [36, 47, 52], that, when more than one 
medium is involved, naive models of ion chamber response are not valid, e.g. the 
two component expression referred to above [42]. It was also found that such models 
did not even predict the correct direction of the change in response when different 
materials were used for buildup caps (with the materials elsewhere unchanged) [48]. 

The Monte Carlo results for the quantities kmkitt and pwau were compared to 
experimental work in the literature where this corresponded to the same combination 
of chamber and buildup materials. Reasonable agreement was obtained in some 
cases, e.g. f^k^ andpwali for the NACP chamber with graphite buildup and fcmfcatt 

for the Holt/Memorial chamber with polystyrene buildup, but departures up to 2.2% 
were found in other cases. The comparisons for pwall are summarized in Fig. 21, 
where it can be seen that on the average the experimental values are 1.2% greater 
than the Monte Carlo results, the standard deviation being 0.85%. The correspond
ing comparisons for km kM do not yield such a systematic discrepancy, but the stan
dard deviation is still large at 1.1%. It is unclear whether the use of in-air results 
to derive in-phantom wall effects is responsible for the offset of the calculated /?wau 
values. However, the considerable spread in the experimental values from different 
publications for a particular chamber buildup material combination makes it 
genuinely difficult to assess the level of agreement. Furthermore, it was stressed that 
the Monte Carlo results could not be relied on to better than 1 % because of sys
tematic uncertainties in the simulation of electron transport in interface situations 
[48, 153]. 

A major problem with the use of either experimental or Monte Carlo derived 
values of the factors km katt and pwan for commercial plane parallel chambers is the 
finding, reported by several groups, that chambers of the same design can yield sig
nificantly different results [30, 49, 50]. Some of these differences can be ascribed 
to the use of different values for factors involved in the measurement, such as £m kM 

and Pwaii f° r m e cylindrical chamber used as a reference [30, 47, 49]. However, 
this cannot explain the chamber to chamber variations for chambers of the same type 
from the same or different manufacturers that have been found by Andreo et al. [30] 
and by Kosunen et al. [50]. The latter authors made determinations of pw a n , fcmfcatt 

and /cpp, which corresponds to in-phantom geometry at the buildup depth. Varia
tions, expressed as the max/min values, for the quantity kpP, were found of 3.6% 
for two Calcam-1 chambers, 1.9% for three NACP-1 chambers and 2.1% for seven 
Calcam-2 chambers. These variations must be due to small differences in manufac-
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ture that the Monte Carlo simulations cannot take into account; in fact, Rogers [94] 
suggested that Monte Carlo calculated values of p^u (or fcm) should not be used to 
determine calibration factors of plane parallel ionization chambers. In addition, 
departures from manufacturer's specifications have been found in commercially 
available chambers [51], and several authors stress the importance of verifying that 
the construction characteristics of the chamber correspond closely to those of the 
manufacturer's specification (e.g. Ref. [49]). 

There is thus an irreducible extra uncertainty involved, which may be as much 
as 2 % or even higher, when the reported chamber to chamber variations are taken 
into account, if the determination of the calibration factor for the plane parallel 
chamber, ND air or ND,W» depends on irradiating the chamber in a ^Co gamma ray 
beam and hence on pwall or &„, at this radiation quality. 

C.2.2. Buildup region 

In the buildup region, no charged particle equilibrium exists; this will cause 
perturbation effects in ionization chambers mainly due to electron fluence perturba
tion through the chamber sidewall [109-112]. To carry out accurate absorbed dose 
measurements in the buildup region, extrapolation chambers with wide guard rings 
should be used. As few hospitals have these instruments, fixed separation, plane 
parallel chambers are more commonly used. The problems associated with the use 
of such chambers have been reported in several papers [109-112]. Velkley et 
al. [109] have proposed a technique based on factors determined by comparison with 
an extrapolation chamber to correct measurements with fixed separation, plane 
parallel chambers to zero plate separation. Nilsson and Montelius [110] and Gerbi 
and Khan [111] concluded that this technique could lead to significant errors and 
recommended the use of extrapolation chambers or other alternative methods 
instead. In the buildup region the influence of the varying spectral and angular distri
butions for the selection of the stopping power ratio should also be considered, and 
in high energy photon beams electron contamination can increase the dosimetrical 
uncertainty. No simple procedure to account for these effects has been presented. 
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