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A new approach is proposed for electron-beam dosimetry under reference conditions and data
necessary to use this approach are presented. The approach has the following features: it uses ion
chambers and starts from an absorbed-dose calibration factGfGorto be consistent with the
present proposal for the new AAPM photon-beam protocol; it Bsg$o specify the beam quality

and the reference deptl,.=0.6R5— 0.1 (all quantities in cnMy, recommended by Burnet al.

[Med. Phys.23, 383-388(1996]; it has a formalism which is parallel to tHe, formalism for
photon-beam dosimetry; it fully accounts for the impact on stopping-power ratios of realistic elec-
tron beams; it allows an easy transition to using primary standards for absorbed dose to water in
electron beams when these are available. The equation for dose to water under reference conditions
is: DvazMPionPgQrkﬁsokecaNg?‘\jv". The termPg, is not needed with plane-parallel chambers but
corrects for gradient effects with cylindrical chambers and is measured in the user’'s beam. The
parametek,., is associated with converting théCo absorbed-dose calibration factor into one for

an electron beam of qualit®. and contains most of the chamber to chamber variation. Calculated
values ofkg., are presented as well as Monte Carlo calcula®gg, values for plane-parallel
chambers in a water phantom irradiated b$@o beam since these are needed to calcigig.

The factork}e50 is a function ofR5y and converts the absorbed-dose calibration factor to that for the

electron-beam quality of interest. Two analytical expressions are presented which are close to
universal expressions for all cylindrical Farmer-like chambers and for well-guarded plane-parallel
chambers respectively. Calculated values are presented graphically for electron beams with energies
between 5 and 50 MeV. €998 American Association of Physicists in Medicine.
[S0094-240807)02212-§

Dedication: This paper is dedicated to the memory of F. Herb Attix who insisted that there must be
an electron-beam equivalent kb for photon beams.

[. INTRODUCTION researchhas shown that the best procedriesterms ofRs,

In external beam dosimetry protocols such as the TG—2@re not very accurate. It has also been shown that stopping-
protocol of the AAPM and the TRS-277 Code of Practice of POwer ratios calculated using incident mono-energetic elec-
the IAEA? reference dosimetry is a complex process whichtron beams are incorrect by betweei®.6% and+1.2% at
assigns an absorbed dose to water starting with an air-kernflnax COmpared to values calculated using incident realistic
calibration of an ion chamber. For photon-beam dosimetry, iglectron beam$.Ding et al. presented procedures which
has been shown that starting from absorbed-dose calibratidve the necessary corrections to stopping-power ratios for
factors brings many conceptual simplification§.It might ~ any clinical accelerator, thus getting around these probfems.
be expected that starting with absorbed-dose calibration fadNonetheless, this makes the procedure even more complex
tors would also simplify electron-beam dosimetry, howeverand it still suffers from the two more fundamental problems
it is not so straightforward. One significant barrier is thatmentioned above.

there are no primary standards for electron-beam dosimetry Burnset all° made the observation that if one defines the
and thus the dosimetry chain must start from an absorbedeference depth for electron-beam dosimetry as
dose calibration factor for a photon beam. Another majord,.;=0.6R57— 0.1 (with all quantities in cminstead ofd,.,
hurdle concerns the water to air stopping-power ratios whiclihen the water to air stopping-power ratiodg; is a function
play a central role in the response and hence calibration faof only Rs,, and this function fully accounts for the realistic
tors for ion chambers. In photon-beam dosimetry, thes@ature of the incident electron beam.

stopping-power ratios are almost independent of depth past The purpose of this paper is to outline a proposal for a
the depth of dose maximund.,, whereas in electron new electron-beam dosimetry protocol which has the follow-
beams they are a strong function of depth as well as beanag features:

quality. As well as these fundamental issues, recent research « it starts from an absorbed-dose calibration factor for
has added complexities to the usual procedures. For eXfCo to make it consistent with the present proposal for the
ample, most protocols require the determinatiorEgf the  new AAPM photon-beam protoct!?

mean electron energy at the phantom surface, but recent e it specifies electron-beam quality directly in termd=af
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and uses the reference depth,;, recommended by Burns parallel chambers it is 1)0Thusk,, for electron beams has

et al;*° two components: onekRso, which depends on the chamber

+ it has a formalism which is parallel in many respects toput is a function only of the beam quality specifiB,; and
the kq formalism for photon-beam dosimetry; ~ the secondPg, , which extracts the gradient corrections and

« it fully accounts for the impact on stopping-power ratios which, for a cylindrical chamber, depends on the shape of
of realistic electron beams; the particular depth-dose curve being measured, i.e.:

« it allows an easy transition to using primary standards o
for absorbed-dose to water in electron beams when these are ko= PgiKr,; 4
available.

where
. ANEW PROPOSAL L)"
: _ 6 —| PwaiPiPcel
The fundamental equations of thg formalism aré air Re
Kr.,= : 5
DS=MPinkoNgS,  [GY] (D) Reo~ 11" .
o ~| PuwaiPiPgPcel
NS.w=koNp%, [Gy/Cl, ) air 600

whereDQ is the absorbed dose to watém Gy) at the point  and

of measurement of the ion chamber when it is abgér 0 o

center of a cylindrical or spherical chamber and the front of Pgr=!(drert 0.5 ca)/1(drer) [for cylindrical chamberk

the air cavity in a plane-parallel ion champeM is the (6)

temperature and pressure corrected electrometer reeding in —1.0 [for plane-parallel chambes )

coulombs(C) or meter units(rdg); P;,, accounts for ion

chamber collection efficiency not being 10(;0/“80 is the Wherel(d) is the ionization reading of a cylindrical chamber
W . ) : . .

absorbed dose to water calibration factor for an ion chambeplaced with the cyI|ndr,|caI axis at depth and oay 1 the

placed under reference conditions in a beam of qualigy ~ "adius of the chamber’'s cavity in cm. Bures al™™ have

NS . is the calibration factor in a beam of qualiy; andkq shown that the |on|zat|og gradient is typically 10%/cm or

accounts for the variation in the calibration factor betweer]€SS atdrr, and hencePg, is within 1.6% of unity for a

beam qualityQ and the reference beam quali,. These Farmer-like chamber. Th|§’§, correction is equivalent to

kQ:

60c,

equations can be applied to electron or photon beams. using the effective point.of measurement for cylindrical
Today, in practice, the reference beam qual®y, is chambers recommended in many dosimetry protocols such
60Co. as the IAEA Code of Practiéand the AAPM’'s TG—2%.In
The general equation far, i the TG—-21 protocol this factor is not needed in electron
w beams since the gradient is taken as zero for measurements at
(3 b b pp dmax- As an aside, if°Co beamsPg, is conceptually the
/.. wall™fIgr ™ cel same as th@ ¢, factor in the TG-21 protocdiput for pho-
= Q , (3 ton beams, the actual values obtained using the TG-21 ap-
(g b b pQp proach or the IAEA’s effective point of measurement ap-
p),, WAl M grtce proach are considerably differeht®®
Qo In the above approach the final dose equatiod,atis:
where the numerator and denominator are evaluated for the
beam qualityQ of interest, and the calibration beam quality, D‘%: M PionpgfkRsoND,W [Gy]. ®
Qo, respectively and the notation for the various quantitiesrq yalues ofks_ are calculable as a function &, and
follows that of TG-21 as extended in Ref. 13 and with the onlv depend on ?cohe chambésee the Appendix For cylin-
addition of P, a correction for the central electrode if it is d "y | E b th i Ppena thei y
made of a material different from the chamber waf$. rical chambers, the user must meas@f in eir own
By adopting the electron-beam reference depth of Burnse'&Ctron beam, but fer plane-parallel chambﬂ'gﬂ 5 L. .
0 _ . . A reasonable dosimetry protocol could be designed using
etal. " (drer=0.6Rso—0.1 cm), the major terms in Eq3), ;o approach, and was essentially proposed by Beirias°
i.e., the stopping-power ratios, become a functionRaf (although note that thie antity proposed in Eq6) of
only. While as yet unproven, it is reasonable to assume thaf "1oud ) 0 Rgo AU '_y P _p _'
the other electron-beam quantitiésg., Py, P.) are also that paper include®;, and thus is slightly different from
well specified byRs,. As discussed in Ref. 6, one can cal- that used heje The only drawbacks are that the values of
culate most of the quantities in E) for ko, at the reference  Kr, fOr different ion chambers vary consideralggee Fig. 1
depthd,.=0.6Rs,— 0.1 cm as a function of the parameter and Fig. 2 and there is no provision for the day when cali-
Rso. These calculations apply for all beams. However, thébration factors are available for electron beams. Both of
P&, factor in Eq.(3) depends on the details of the depth-dosethese drawbacks can be overcome as follows.
curve in the user's beam, and thus must be measured in the As a first step, consider a system based\tfm, an ab-
user's beam(at least for cylindrical chambers, for plane- sorbed dose to water calibration factor for an electron beam
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ks_ for cylindrical ion chambers at d kg, for plane—parallel chambers at d
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Fic. 1. Calculated values déz_ [Eq. (5)] as a function oRs, for several  Fic. 2. Calculated values dg (=k,, [Eq. (5)]) as a function ofRs, for
common cylindrical ion chambers. These values can be used w8  most common plane-parallel chambers. These values are used v a
absorbed-dose to water calibration factor and (Bto assign dose to water ~absorbed-dose to water calibration factor and &8y.and P§, = 1.0 to
at the reference deptliy=0.6R5,— 0.1 cm. assign dose to water at the reference dehth=0.6R5,— 0.1 cm.

of arbitrary qualityQ.. In this system the equation for the

absorbed dose to water under reference conditions is denominator of Eq(10) since there are two electron beams

involved. Equation(12) is analogous to Eq5) except that
DY=M Pionk('gNng [Gy], (99  now all quantities are evaluated in electron beams.

Using Eq.(2) which defineskq in terms of the photon-

where, corresponding &y, in Eq. (.2)’ k.(,? is the fac;tor which beam absorbed-dose calibration factor, one can write
converts the absorbed-dose calibration factor in an electron

beam of qualityQ, to that in a beam of qualit®). From Eq. Qe 60cs Q% 60co
(3), one can write: Np %= Ka(Qe)Np = Pgrkeca D.w’ (13

L W
{ (;) PualPsiP§Peel
air

L w
(:) PuaiPPgPeel
P/ air Qe

Since both the numerator and denominator refer to electron

beams in this case, then for the reference beam quality

ki,=1.0 for all chambers, just dg,=1.0 in a%Co beam for  Note that Eq.(13) is in terms of the original quantitiels,
aﬁ chambers. and kRso defined earlier.

For the same reasons as given above concerning splitting Starting from %Q(9) for the dose to water, using E(L3)
kg into 2 componentssee Eq(4)), for k;, one writes(from  to substitute foNg%, and Eq.(11) to substitute fokg, one

where the second equality follows from Eg) which sepa-
o rateskq, for electron beams into its two componen‘t’:gre and
: (100 Kecar The quantitykecy is just kg, evaluated for a beam

quality Q. in Eq. (5), i.e.:

ko=

Keca™ kRSO(Qe)- (19

Eqg. (10) has, after some cancellation,
,_Por DO=MPio,POkh KecaNE  [G 15
kQ:EakRso (ll) w ion"gr Rsq ecaND’W [ YJ- ( )
gr
with Also, from Eq.(13) one has
L\" Q
“:) PwaiPfiPcel Y 16
P/ air 0 ecal erN 60co"
k'l?so: (12 gr "D,w

L w
(;)airpwa”P“Pce' Thus there are two ways to determikg,. The first, based
Qe on Eg.(14), is to evaluate Eq(5) for kRso at beam quality
where now two measured gradient corrections are needdq.. Values ofk.., calculated as described in the Appendix,
because there are gradient corrections in the numerator arde presented in Tables | and II. This list of cylindrical cham-
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TaBLE |. Values ofkec, for plane-parallel chambers, calculated as describedequivalent N2333Band N31003(or equivalent N233641

in the Appendix using Eq.14) and Eq.(5) or Eq.(A5) with a beam quality : :
Q. of Ry-7.5 om. For this value ofO, Eq. (A5) reduces to Exradin A12, and Capintec PRO6C&G represent more than

K. —0.903P 83% of all calibrations.
ecal— Y- wall + . .
To do these calculations requires knowledgePgqf,, for
Chamber Kecal plane-parallel chambers irradiated in a water phantom by a
Attix 0.883 0Co beam and newly calculated values are also presented in
the Appendix. For cylindrical chambers, the wall materials
Capintec 0.921 and thicknesses are needed to calcuPgig in a water phan-

tom irradiated by 2°Co beam plus the cavity diameter and

information about whether the electrode is made of alumi-
Exradin P11 0.888 num or the wall material. The second method to determine
Keca USINg EQ.(16), requires access to a primary standard

PTB/Roos 0.901

Holt 0.900 for electron beams in order to establildlgeW and, for cylin-

Markus 0.905 drical chambers, also requires knowledg'e of the gradient cor-
rection for the user's chamber in the beam in the primary

NACP 0.888 standards laboratory, i.eF,’Sf. These factors are not yet
available.

One advantage of using E(L5) as the basis of a dosim-
bers includes all chamber modéts their equivalentsrep-  etry protocol, instead of the equivalent E®), is that the
resenting more than 0.3% 6fCo calibrations in the last 2 transition to using primary standards for electron beams is
years at the two largest Accredited Dosimetry Calibrationmade easier. Specifically, once electron-beam absorbed-dose
Laboratories at the University of Wisconsin and at K&S As- calibration factors are available, one could use the following
sociates. The NE2571, NE2505/3,3A, PTW N300@k dose equation:

TaBLE Il. Values ofk,, for all cylindrical chambers commonly used for reference dosimetry in North America.
Values are calculated as described in the Appendix usinglByand Eq.(5) with an arbitrary beam qualitQ,

of R5p=7.5 cm. Information about ion chambers required for the calculations is shown, and was obtained
directly from manufacturers.

Wall
Al electrode
thickness cavity diameter diameter
Chamber Kecal material glen? mm mm
Farmer-like
Exradin.A12 0.906 C-552 0.088 6.1
NE2505.3A 0.903 Graphite 0.065 6.3 1.0
NE2505.3B 0.889 Nylon 0.041 6.3 1.0
NE2561 0.904 Graphite 0.090 7.4 1.0
NE2571 0.903 Graphite 0.065 6.3 1.0
NE2577 0.903 Graphite 0.065 6.3 1.0
NE2581 0.885 A-150 0.041 6.3
PRO6C/G 0.900 C-552 0.050 6.4
PTW23331 0.896 Graphite 0.012 7.9 1.0
PMMA 0.048
PTW30001a) 0.897 Graphite 0.012 6.1 1.0
PMMA 0.033
PTW30002 0.900 Graphite 0.079 6.1
PTW30004 0.905 Graphite 0.079 6.1 1.0
PTW31003b) 0.898 Graphite 0.012 5.5 id
PMMA 0.066
Other Cylindrical
Exradin Al(c) 0.915 C-552 0.176 4.0
Capintec PRO5/5P 0.916 C-552 0.210 4.0
Wellhofer 1C10/IC5 0.912 C-552 0.227 6.0

8PTW30001 has the same values as the PTW23333 it replaced.

PPTW31003 has the same values as the PTW233641 it replaced.

‘There has been a change in designation of Exradin A2/A1 chambers. Model A1l now refers to the Shonka
chamber with diameter 4 mm.

dSince data only available for 1 mm electrodes, that is what is used in calculations.
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I

ks _for cylindrical ion chambers at d

50
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Fic. 3. Calculated values da‘,;so [Eg. (12)] as a function oRs, for cylindrical ion chambers. These values can be used with Ej.and a measured value

of PS, to determine the absorbed dose to water at the reference degify=00.6R5,— 0.1 cm. Note that chambers with aluminum electrodes are shown as
solid lines. The upper two curves at smaller value$<,’95r0 represent curves which have cavity diameters less than 6(iremthey are not Farmer-like
chambers Equation(19) reproduces the values for all chambers with diameters greater than 6 mm within 0.2%.

pQ show much less chamber to chamber variation than the
D$=MPion%k§50NgeW [cylindrical chamberk (17)  values ofkg, . Figure 3 shows calculatekig{50 values for

Pgr cylindrical chambers. Note that all the Farmer-like cham-

—MP.. k. NQe lane parallel chambéls 18 bers are virtually identical except for those chambers

onkro Np [P P ¥ (18 with aluminum electrodes where a 0.2% effect comes into

where the values di;_ presented here could be used as longplay below 13 MeV. The PROS, PROSP and Exradin Al
as the calibration factor is for a beam with qual@y of Rs, chamberg show a sllghtly different trend begause they have a
=7.5 cm. This quality is arbitrary but has been selected to b&maller diameter cavitid mm) and hence their values

at a high energy since measurements are easier there in géif€ different. The chambers with aluminum electrodes all
eral so that primary standards are most likely to be develSNOW @ 0.2% “jump” near 13 MeV because tRg correc-
oped there first, and it is attainable at many clinics usingion has a discontinuity at that point. The following equation
electron beams. For cylindrical chambers this would neces®éProduces the individual curves within 0.2% for all cylin-

sitate measurement é‘tgf atd,e in the beam at the standards grlcal<cr|1qam<bgrs W_'th cavity diameters greater than 6 mm, for
laboratory. Even if one continues to use Ftp) based on a CM = Rso= 3 CM.

80Co beam calibration factor for electron-beam dosimetry, kk_(cyl)=0.9905+0.071 & Rs0/367) (19)
one could use the electron-beam primary standards and Eq. >°
(16) to measure the values &f,. Figure 4 shows the calculated values for plane-parallel cham-

Another advantage of Eq15) is that the values ol‘<§{50 bers. Here all the chambers with adequate guard rings have
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K. for plane—parallel chambers at d Q _ 80co
1.06 Rso P L ref I:)m =M |:’ion kQ ND,w
]
1.05 din-Pit PQ k
: N xradlir gr "Rso
N $.
N TOI
1.04 BRoo: n
N ’
SN A KRso Kecal
5 1.03 v
hel ! 60,
- Q _ Qs Co
© Markus Dm =M Pion Pgr kRso kecaIND,W
. gl02 N
[+ ™
= ~ . a .
1.01 TP Pgr measured at d,¢ in user’s beam
’ == o (cylindrical chambers only)
1.00 C tec

kg, close to universal curves,
o {1 Farmer-like, 1 plane parallel chambers)

|
l
3 4 5 6 7 8 9
kRS0 primepp R,, /cm K.ca) tabulated values
Q Q 80,
ND,?N = Pgrekecal ND,vcvo
Fic. 4. Calculated values ddz_ [Eq. (12)] as a function oRg, for several

common plane-parallel chambers. Note that the values for the 5 wellgs 5 Summary of the proposal for electron-beam dosimetry. Note that for

guardeq chambers .Iie og the same line in. the figure. These values can tb?ane—parallel chambers the facﬁgr is unity. Values Oik',qso are presented
used with Eq(15) (with Pgr = 1.0 to determine the absorbed dose to water in Figs. 3 and 4 for cylindrical and plane-parallel chambers respectively.

at the reference depth dke=0.6R5,—0.1 cm. Values ofk.., are presented in Tables | and II.

chambers. For Farmer-like chambers or well-guarded plane-

identical values ofky_ while the Markus and Capintec )
50 parallel chambers, the values lbf_ can be obtained from
chambers show some deviation because of the electron fllg 19 Eq.(20 ivel 50
ence corrections which become significant at low energie g-(19 or 9.(20 respectively. .
The major complication in this procedure is the need to

(although this leads to some offset at high energies too since pQ tion factors in th 's b ”
there is still some offset at the reference beam quality witH"€aSUrePg, correction factors in the user's beama |

Reo = 7.5 cn). For the well-guarded plane-parallel cham- cylindrical chambers are used. It is tempting to define
bers, for 2 cm< Rgx< 20 cm electron-beam absorbed-dose calibration factors in terms of

an effective point of measurement, and thus get rid of the
R (PP)=1.2239-0.145Rs, 0.214 (200  need for thesd§, correction factors. However, this would

require a primary standard to incorporate this chamber de-
which is an analytic representation of the curve. Similarly,pendent feature, and this is undesirable, both because the
analytic expressions could be derived for the Markus andinderstanding and the data on this issue are not very good,
Capintec chambers by incorporating the expressions for thend because the standards laboratory would become respon-
P, (shown in Fig. 8 in the Append)x sible for evaluating a complex factor depending on the de-
sign of the user’'s chamber. A much easier solution is just to
use a well-guarded plane-parallel chamber, since these re-
quire no gradient correction and furthermore, with the cur-

rent assumptions, these all have a singlg " curve. An-

In summary, by using a reference depth ofother drawback of usingd,=0.6R5;;—0.1 cm with
dier=0.6R50— 0.1 cm one can establish &g protocol for  cylindrical chambers is that there is a significant fluence cor-
electron-beam dosimetry which has a simple form, and forection factor Py, , even for high-energy beantsee Fig. 7 in
which most of the chamber to chamber variations can behe Appendix. Once again, this problem can be avoided by
collected into a single factor, vizke., Which must be calcu- the use of plane-parallel chambers.
lated for the time being using E¢5). Calculated values of One aspect of this proposal that needs further investiga-
most commercial ion chambers used for reference dosimetryon is that the fluence correction factd®; , is required
are given in Tables | and Il, based on the calculations deaway fromd,,., the point at which most previous measure-
scribed in the Appendix. The advantage of the proposed apments were don®~" In practice these factors have been
proach is that once there are primary standards for electrogarameterized in terms @&,, the mean energy at the point
beams Keco Can be measured based on Etf) as the ratio  of measurement, and in the procedure proposed here, it is
of absorbed-dose calibration factors in an electron beam angssumed that the measured values apply, despite no longer
in a ®Co beam. Aside from thige, factor, the value of peing atd,,.. The IAEA Code of Practice also makes this
Kg,,» the remaining chamber dependent factor in the dos@ssumption when it uses reference depths away figg.>
equation(Eq. (15)), shows very little chamber to chamber Hug et al® have reported recent measurement®gfat the
variation as a function dRs for cylindrical or plane-parallel  Burnset al. reference depth recommended here. These mea-

[ll. DISCUSSION
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surements indicate good agreement with the valueP:f proach outlined here includes both of these effects with
used here for cylindrical chambers in electron beams witfewer steps, but one cannot say that the formalism has lead
initial energies from 5 to 20 MeV® to more accuracy in the assigned dose. However, the major
It must be emphasized that the procedure outlined here igncertainties in electron-beam dosimetry are still in the cal-
not as complex as the equations might suggest. Figure &ulation of the factoke. or its equivalent in TG-21see Eq.
summarizes the proposal. Starting frowic°, an absorbed (5) for Rsp=Qc). The real gain in accuracy in the present
dose to water calibration factor, one needs a single, tabulatédPProach will be when one can measgg, factors using
chamber dependent factdkey, (Tables | and I), plus a  Primary standards for absorbed dose in electron beams using

value, k§50 which depends on the beam qualifggg, but Eq.O(16);j back of th dis th |
which shows very little chamber to chamber variation for ne drawback of the system proposed is that some plane-

. . arallel chambers appear to have variable dosimetric proper-
either Farmer-like chambers or well guarded plane-paralleg.) bp prop

. . ies which suggest tha®Co calibrations may not provide
chambers(Elgs. 3 and 4 and Eq19) or Eq.(20)). The final accurate indications of behavior in electron bedff.To
factors which make the equations appear complex are t

. . : o hﬁ‘]e extent that this is the case, this suggests the need for
gradient corrections which are needed for cyllqdrlcal Cham'using electron-beam calibration factors which can easily be
bers only. Altho'“.'gh conceptually complex, their values A8ntroduced following the procedure outlined heéEe. (18)).
derived from a simple measuremfont in the users beam. Alternatively, prior to the availability of these calibration
As pointed out by Burnetal,™ once SOppiNg-pOWer  genices one could measuke., for each plane-parallel
ratios calculated for incident realistic electron beams ar@p,mper against a cylindrical chamber, muctNag,is de-

used in determining the dose at the reference point, it igermined by measurements in high-energy electron beams for
essential that these same stopping-power ratios are US@thse chambers when following TG2dr TG-39%7

when establishing the dose at other depths in phantom. To do e gther aspect of this approach is tRgg andd, . must
this they provided an analytic formula for stopping-powerpe established at the same time as the reference dose mea-
ratios as a function of depth arithy and a fortran routine is  syrements are being made to ensure that correct values are
available at: http://www.irs.inms.nrc.ca/inms/irs/papers/;sed since by moving away from dose maximum one be-
SPRR50/sprR50.html. Using these stopping-power ratios angbmes more sensitive to changes in the beam energy. For
the procedures outlined in the AAPM's TG-25 Refiddr  example, a 3% variation iRg, near 6 cm would mead, .
measuring complete depth-dose curves, one is able to accghanges by about 1 mm and with a placement uncertainty of
rately and consistently determine the doselafy, whichis  say 1 mm this leads to an effective depth uncertainty of 1.4
where most clinical normalization is done. mm. The uncertainty in the dose @t in a worst case situ-

The procedure outlined here offers considerable improveation where there is a 10%/cm gradi¥tis thus 1.4%. Simi-
ment in the accuracy of electron-beam dosimetry comparefhr concerns apply wherevey is selected since the gradient
to the use of TG-21 protocol or the IAEA Code of Practicejs actually larger near dose maximum for low-energy beams
because it uses improved dosimetric data. For example, in &nd the placement uncertainty will contribute a similar un-
high-energy electron beam with a 5% bremsstrahlung tailcertainty there as at
when using a chamber with an aluminum electrode to assign
the dose all o USing the procedure suggested here, the dosg/. CONCLUSIONS

would increase by nearly 2% compared to that assigned by

TG-21. In contrast, the dose assigned in a low-energy eley The advantages of this approach are that it starts from a

. Co absorbed-dose calibration factor and allows a formal-
tron beam would decrease by 0.4% measured with a chamber .
) . : ISm which parallels the photon beam case. It also fully ac-
without an aluminum electrode. Thus the relative dose as- . . "
. . . L counts for the effects on stopping-power ratios of realistic
signed using TG-21 in these 2 situations would have been. . . . .
clinical beams. Finally, the formalism is structured so that

wrong by 2.4% compared to the more accurate data use : .
here once primary standards for electron beams are in place for

. . L one beam quality, Q the most complex factor in the proce-
However the approach itself provides little mprovementdure, Viz. Koeq can be measured. Also, tkeso factors can be

in overall accuracy of electron-beam reference dosimetry _ ) i
compared to the TG-21 formalism, as long as the new physr_neasured as a function Bf; if standards are available at the

ics included here is also included in the TG-21 formalism.different beam qualities. The use of well-guarded pl_ane-
The first major issue is the use of stopping-power ratios cgParallel chambers makes the entire procedure much simpler

culated with incident realistic electron beams. Diegal® 2nd more robust and is to be encouraged.

have provided data which allows the standard TG-21
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TasLE lll. P,q correction factor for plane-parallel chambers in a phantom of the major material of the chamber

or water, irradiated b§°Co beams. Uncertainties shown are statisii68P confidenceand there is an inherent

1% systematic uncertainty. For the in-water case, it is asduan& mmslab of the major material of the
chamber is used for waterproofing unless the chamber has its own waterproof front face which is shown in
brackets in the last column. Calculations are performed as described in Ref. 22 using a total of & &xgram
material unless noted. These results supersede the preliminary results published in Ref. 6. These values are
calculated using the electron stopping power data of ICRU Repo(R87. 23. Experimental values for the
in-water case are shown in brackets below the corresponding calculated values.

Par in 8°Co beam

Additional
Chamber in homogeneous phantom in water material
(major material previous present present (chamber itself
Attix (RMISW) 1.0154)2 1.0123) 1.0233) 1mm RMISW, 4.0mm HO
Capintec PS038ps? 0.9524)° 0.9481) 0.9743) 1mm pst, 3.9mm KO
(0.985)
Exradin P11(psY 1.00Q4)° 0.9942) 1.0181) 3.9 mm HO (Imm ps}
Holt (psb 0.9974)° 0.9973) 1.0041) 5mm H,0 (4mm ps}
Markus (PMMA) 1.00Q4)° 0.9922) 0.9972) 1mm PMMA, 3.8 mm HO
(1.003)
(1.004)
NACP (graphite 1.0273)° 1.0182) 1.0182) 5mm H,0 (0.1mm mylar,
(1.013) 0.5mm gj
(1.026)
PTB/Roos(PMMA) 0.9952) 1.0032) 6mm H,O (Imm PMMA)
Attix (Ref. 32 quoting this author’s calculations.
PReference 22.
‘Reference 20.
YReference 33.
work in this area plus Alan Nahum, David Burns, Pedro N LY
. . . . as
Andreo and Klaus Hohlfeld for stimulating discussions over kRso: G_QOC —| PuwalP#Pecal (A1)
0
the years. Thanks to Carl Ross and the anonymous referee Np w air Rso

for valuable comments on the manuscript. | also want to here the f la foN..__i tended f the TG-21
thank Andrew Booth for his programming support. Finally,W er'e € formuia 10N g5 1S €xtended trom the 16>-21 pro-
thanks to Larry Dewerd and Tom Slowey for detailed infor- tocol.s equations to includB ., the correction factor for an
mation on which chambers are actually calibrated at theiplummum central electrode.

respective ADCLs, and to the ion chamber manufacturer's

and their representatives who provided information on their 24 R R vsR T
chambers. 2 P 50
20

APPENDIX: CALCULATION OF kg AND Kg__ -

Calculation ofkg for electron beams is considerably more g4
complex than for photon beams since the quantities in the  ™_12 © e Clinac 2100C
numerator and denominator of E@) are different, not just T 10 o SL75 - 20
the same quantities at different beam qualities as in the pho- 8 > KD2
ton beam case. As discussed in the text, cmg% (Eq. (5)), 6 & Therac 20
or ki, (Ed. (12)) can be calculatehs opposed tég) since 4 © MM50
for cylindrical chambers one must measure the gradient 2 f
correction in the user's electron beam. This Appendix O e e e e s 0
describes the calculation ‘k‘?so in detail since once it can RpR50. fit Rg,/cm

be calculatedk; and k., are straightforward variations. _ _
50 Fic. 6. Values ofR, as a function ofRs, for a variety of electron-beam

As an aside, although not used here, one can rewrit¢zq. depth-dose curveglata taken from Ref. 31The fitted line is given by Eq.
for kRSO as (A4).
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T T T T T T TG-39 Fluence correction factors for plane-parallel chambers
P,atd, =0.6 Ry, —0.1cm — I ' - ;
_ STt NACP, Exradin, Holt
o099 E 1.00 T o
g ‘ P e
2 Lo A
Q oses | E 0.99 F /’ i E
’/ B
= ¢ ) |
3 'Y
8 097 3 0.98 £ v ‘\ . 3
g o= Markus ™ Capintec
3> 097 F . E
= o9 f ,/ E /
o s diameters of cylindrical 006 | W ]
3] Z chambers : '
Do T 1 E
7mm 0.95 {o - - -0 P,=0.9679 +0.0091 E —0.00094 E +3.36.10° E°
ooa . . ‘ ‘ . ' . &---8 P;=0.9276 +0.0138 E -0.00091 E +2.03.10” E’
o 2 4 6 8 10 12 14 16 0.94 . . .
PH_R50 Rso fem 0 5 10 15 20

E, / MeV

Pil_pp

Fic. 7. Values ofP;, at a depth ofd,¢ vs Ry, for cylindrical ion chambers.

Based on data in TG—21 from Ref. 15 and using the techniques described fiG- 8- ThePy factors for plane-parallel chambers recommended by TG—-39
) ) — (Ref. 17 plus cubic fits to the curves for the Markus and Capintec cham-

the Appendix to relate the various parameters. The values abpwe 20

MeV are obtained by linearly interpolating between the values at 20 MeVPers. The factors are given as a functionEgf(E in the figure, the mean
and values of 1.0 at 30 MeV for all diameter chambers. energy at the depth of measurement.

For cylindrical chambers, the denominator of HS),
which is for 8%Co beams, is calculated as described in Refplane-parallel chambers in a water phanttsee Table II].
6. Briefly, the TG-21 formalism is uséd®?' to calculate In this case, if the chamber is not already waterproof, the
Pwar and Pgr(:Prepl for photon beams the needed simulation include a 1 mmthick slab of material on the
photon-beam data on stopping-power ratios are taken frorfffont face to make it waterproof. A slab of water is also
the IAEA Code of Practicé;and a value oP.,=0.9926 is included in the simulation so that the additional material on
used in a®°Co beam for chambers wita 1 mmaluminum  the front face totalled 0.5 g/chin most cases. For compari-
electrode(based on a fit in Ref. 6 to the data in Ma and Son, values oP,, are recalculated for the case of the nomi-
Nahunt?). nally homogeneous phantom using the identical computer

For plane-parallel chambers the denominator evaluategode and input data as used previot&hut for much better
in 9Co beams requires new considerations. The Stoppingﬁt&tiStiCﬁ' precision. The new calculated values are all
power ratio is the same as in the cylindrical chamber caseggmaller, on average by 0.5% which is expected to happen
The P,ep factor for plane-parallel chambers is unity. TRg, about 1 time in 10 on purely statistical grounds. However,
factor is unity since there are no central electrodes. Fjg recall that there is an inherent 1% systematic uncertainty in
factor is not covered by the standard expressiorPfgy'>*®  these calculations which dominates the overall uncertainty.
which only applies to chambers where the wall surrounds'hese new values make the agreement with experiment for
the cavity uniformly. For plane-parallel chambers, the fronthon-water phantomssummarized in Ref. 22even worse
wall is often much thinner than the rest of the chamber andhan pointed out elsewheféWittkamperet al. and Laitano
of a different material. Also, any insulator material immedi- €t al. have reported measurementsRyf,, for various cham-
ately behind the cavity may have a dramatic effect on thdoers in water and these are in reasonable agreement with the
response (up to 5% and P,, must take this into calculated values given the respective uncertaintese
account?” In the TG—39 report on electron-beam dosime-Table I1I).
try with plane-parallel chambergwhich, for consistency For calculatingP,, in addition to the values ok,
with TG—21 did not use the ICRU Report 37 stoppingdiven previously?? values were used of 0.980 and 0.971 for
powerg® being used hebe values ofP,4 in a ®®Co beam Water and RMI solid water, respectively.
were provided for the case in which the phantom material With P, values available, all the factors in the denomi-
matched the major component of the chamizgaphite for ~ nator of Eq.(5) are known for plane-parallel chambers.
an NACP chamber, PMMA for a Markus chamber, ptc. These values of the denominator are calculated and have a
These values were based on Monte Carlo calculations for thilatively large systematic uncertainty. Once it is decided
chambers free in air with a 0.5 g/énbuildup cap of the how to waterproof each of these chambers properly, as some
same material as the phantémFor the present purposes, Of the manufacturers have already done, it would be prefer-
the value ofP,,, in a water phantom is needed, which also able to have measured valuesRafy, or perhaps bypass this
implies there may be a waterproofing cap on the planestep entirely and use EqAl) to determine the necessary
parallel chamber. Using the same methods as previously, Heca Values based on measured valuedNgfs.
have done a further series of Monte Carlo calculations and For the numerator in Ed5) for kg_, the stopping-power
derived the necessarf,,, values for various commercial ratio for electron beams is given BY:
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k’Rso for eylindrical ion chambers at d,, kgso for plane—paralle! chambers at d,,
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FiG. 9. Calculated values &z, Eq.(12), for high-energy electron beams, Fig. 10. Calculated values Ok, Eq. (12, for high-energy electron

as a function oRs,, for cylindrical ion chambers. These values can be usedpeams, as a function &s, for plane-parallel chambers. Note that the values

with Eq. (15) and a measured value Bf}, to determine the absorbed dose to for the 5 well-guarded chambers lie on the same line in the figure. These

water at the reference depth @f=0.6Rs,—0.1 cm. values can be used with EG.5) (with PgQr = 1.0) to determine the absorbed
dose to water at the reference depthdgf=0.6R5,— 0.1 cm.

L\ = :
21 (dud)=1.25340.149 Re.)0-214 A2 where E, is the mean energy at the surface dRgis the
(;)air( ) 4Rso (A2) practical rangé®! This parameterization breaks with the

proposed beam quality specification in termsRaf. How-
ever, it is possible to recast the data®p so that the value
‘of Py, at d, is given as a function oRs, and the cavity
radius. An approximate value & is given by 2.385, and
jtting data forR,, andRs, from many(21) realistic electron
pth-dose curvé(see Fig. 6 one can write:

These values are for the reference depthRg,60.1 cm.
Consistent with the conclusions drawn recently by two com
mittees after reviewing the available dat&’ the P, term

is taken to be unity, with the caveat that for plane-parallel
chambers, there may be a need to include a factor varyin
between 1.0 and 1.02, depending on the energy and materi \1
of the back wall of the chambé&f-28 For cylindrical cham- R,=1.27R5—0.23 [cm]. (A4)
bers, Nahum's theoretical work suggests that if there is an
P.ai COrrection, its deviation from unity is less than 9.

The P factor for cylindrical chambers with 1 mm alumi- . . i
num electrodes is 1.0 fdR;;<5.6 cm or 0.998 for higher would occur for the Capintec chamber dg; in the low

energies as given in Ref. 6 based on the work of Ma an§neroy Cjnac beam in Fig. 6 and in this case the incorrect
Nahum4 value of E, based on using EqA4) rather than the actual

The value ofP;, is the remaining unspecified factor in the Value of R, would lead to a 0.3% error iy . Using Eq.

numerator of Eq(5) for ke_ values. For cylindrical cham- (A4) would lead to a maximum error of 0.14% fpy for
90 Farmer-like cylindrical chambers in the same beard, gt
bers, values ofP;, are given in the TG-21 protocol as a

: ) .. Putting these relationships together leads to the fluence
function of chamber radius and the mean energy at the point : o o
. correction data for cylindrical chambers in Fig. 7. Note that
of measurement. One assumes that the valued,at in

TG—21 St apply 101, aWa) f1OM s (further measure- TR 18 16 BENCE Rl e, 2, TCEOST TEmas G
ments to confirm this, such as those by Heall® are 9 gies, e 9 : 9

neededl For low-energy beams the TG—21 values apply be_energ|es(|t is about 0.98 for a Farmer-like chamberdgj; in

o . . "~~~ a 20 MeV beam
caused, is still atd,,,.. At higher energies, the correction i ) .
becomes less important and thus the approximation beingni'tzorg:: ?”ﬂ%:ai;dﬁgtafgi:safflclﬁl t?\r;aag?:jbslz:]?jkgg?tec
used is probably acceptable. This same approximation, viz, Y, b
that values ofP,, at a given mean energy measurediag, c¢hambers. For these cham_bers, TG-39 has recommended val-
hold at other depths, is made for cylindrical chambers in thé!€S forPy as a function oEz,’the mean energy at the depth
IAEA Code of Practic® which also uses reference depths Of measurement, and TG-39's tabulaeql values are given
away fromd, . To evaluatePy, requiresEZ the mean here by the expressions in Fig. 8. The techniques described
energy at the point of measurement. Traditionally this is2PCVe for estimating,, the mean energy af, are used to
given by the Harder relationship: establishP;, atd,e. As with the cylindrical chambers, most
T data for these chambers have been measuret,gtand
E,=Ey(1-2/Ry), (A3) possibly do not apply at other depths, but it is assumed here

Ywhile this is a rather crude approximation, the maximum
error in the estimate oP; for a plane-parallel chamber
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