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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 factor for60Co to be consistent with the
present proposal for the new AAPM photon-beam protocol; it usesR50 to specify the beam quality
and the reference depth,dref50.6R5020.1 ~all quantities in cm!, recommended by Burnset al.
@Med. Phys.23, 383–388~1996!#; it has a formalism which is parallel to thekQ 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: Dw

Q5M PionPgr
Q kR50

8 kecalND,w
60Co. The termPgr

Q is not needed with plane-parallel chambers but

corrects for gradient effects with cylindrical chambers and is measured in the user’s beam. The
parameterkecal is associated with converting the60Co absorbed-dose calibration factor into one for
an electron beam of qualityQe and contains most of the chamber to chamber variation. Calculated
values ofkecal are presented as well as Monte Carlo calculatedPwall values for plane-parallel
chambers in a water phantom irradiated by a60Co beam since these are needed to calculatekecal.
The factorkR50

8 is a function ofR50 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. ©1998 American Association of Physicists in Medicine.
@S0094-2405~97!02212-8#

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

In external beam dosimetry protocols such as the TG
protocol of the AAPM1 and the TRS-277 Code of Practice
the IAEA,2 reference dosimetry is a complex process wh
assigns an absorbed dose to water starting with an air-ke
calibration of an ion chamber. For photon-beam dosimetry
has been shown that starting from absorbed-dose calibra
factors brings many conceptual simplifications.3–6 It might
be expected that starting with absorbed-dose calibration
tors would also simplify electron-beam dosimetry, howev
it is not so straightforward. One significant barrier is th
there are no primary standards for electron-beam dosim
and thus the dosimetry chain must start from an absorb
dose calibration factor for a photon beam. Another ma
hurdle concerns the water to air stopping-power ratios wh
play a central role in the response and hence calibration
tors for ion chambers. In photon-beam dosimetry, th
stopping-power ratios are almost independent of depth
the depth of dose maximum,dmax, whereas in electron
beams they are a strong function of depth as well as b
quality. As well as these fundamental issues, recent rese
has added complexities to the usual procedures. For
ample, most protocols require the determination ofĒ0 , the
mean electron energy at the phantom surface, but re
310 Med. Phys. 25 „3…, March 1998 0094-2405/98/25 „3
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research7 has shown that the best procedures8 in terms ofR50

are not very accurate. It has also been shown that stopp
power ratios calculated using incident mono-energetic e
tron beams are incorrect by between20.6% and11.2% at
dmax compared to values calculated using incident realis
electron beams.9 Ding et al. presented procedures whic
gave the necessary corrections to stopping-power ratios
any clinical accelerator, thus getting around these problem9

Nonetheless, this makes the procedure even more com
and it still suffers from the two more fundamental problem
mentioned above.

Burnset al.10 made the observation that if one defines t
reference depth for electron-beam dosimetry
dref50.6R5020.1 ~with all quantities in cm! instead ofdmax,
then the water to air stopping-power ratio atdref is a function
of only R50, and this function fully accounts for the realist
nature of the incident electron beam.

The purpose of this paper is to outline a proposal fo
new electron-beam dosimetry protocol which has the follo
ing features:

• it starts from an absorbed-dose calibration factor
60Co to make it consistent with the present proposal for
new AAPM photon-beam protocol;6,11,12

• it specifies electron-beam quality directly in terms ofR50
310…/310/11/$10.00 © 1998 Am. Assoc. Phys. Med.
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311 D. W. O. Rogers:: Electron beam reference dosimetry 311
and uses the reference depth,dref , recommended by Burn
et al.;10

• it has a formalism which is parallel in many respects
the kQ formalism for photon-beam dosimetry;

• it fully accounts for the impact on stopping-power rati
of realistic electron beams;

• it allows an easy transition to using primary standa
for absorbed-dose to water in electron beams when thes
available.

II. A NEW PROPOSAL

The fundamental equations of thekQ formalism are3–6

Dw
Q5M PionkQND,w

Q0 @Gy#, ~1!

ND,w
Q 5kQND,w

Q0 @Gy/C#, ~2!

whereDw
Q is the absorbed dose to water~in Gy! at the point

of measurement of the ion chamber when it is absent~the
center of a cylindrical or spherical chamber and the front
the air cavity in a plane-parallel ion chamber!; M is the
temperature and pressure corrected electrometer readin
coulombs ~C! or meter units~rdg!; Pion accounts for ion
chamber collection efficiency not being 100%;1 ND,w

Q0 is the
absorbed dose to water calibration factor for an ion cham
placed under reference conditions in a beam of qualityQ0 ;
ND,w

Q is the calibration factor in a beam of qualityQ; andkQ

accounts for the variation in the calibration factor betwe
beam qualityQ and the reference beam qualityQ0 . These
equations can be applied to electron or photon beams.

Today, in practice, the reference beam quality,Q0 , is
60Co.

The general equation forkQ is6

kQ5

F S L̄

r
D

air

w

PwallPf l Pgr
Q PcelG

Q

F S L̄

r
D

air

w

PwallPf l Pgr
Q PcelG

Q0

, ~3!

where the numerator and denominator are evaluated for
beam qualityQ of interest, and the calibration beam qualit
Q0 , respectively and the notation for the various quantit
follows that of TG-211 as extended in Ref. 13 and with th
addition ofPcel, a correction for the central electrode if it
made of a material different from the chamber walls.6,14

By adopting the electron-beam reference depth of Bu
et al.10 (dref50.6R5020.1 cm!, the major terms in Eq.~3!,
i.e., the stopping-power ratios, become a function ofR50

only. While as yet unproven, it is reasonable to assume
the other electron-beam quantities~e.g., Pf l , Pcel) are also
well specified byR50. As discussed in Ref. 6, one can ca
culate most of the quantities in Eq.~3! for kQ at the reference
depth dref50.6R5020.1 cm as a function of the paramet
R50. These calculations apply for all beams. However,
Pgr

Q factor in Eq.~3! depends on the details of the depth-do
curve in the user’s beam, and thus must be measured in
user’s beam~at least for cylindrical chambers, for plane
Medical Physics, Vol. 25, No. 3, March 1998
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parallel chambers it is 1.0!. ThuskQ for electron beams ha
two components: one,kR50

, which depends on the chambe
but is a function only of the beam quality specifier,R50; and
the second,Pgr

Q , which extracts the gradient corrections a
which, for a cylindrical chamber, depends on the shape
the particular depth-dose curve being measured, i.e.:

kQ5Pgr
Q kR50

, ~4!

where

kR50
5

F S L̄

r
D

air

w

PwallPf l PcelG
R50

F S L̄

r
D

air

w

PwallPf l Pgr
Q PcelG

60Co

, ~5!

and

Pgr
Q 5I ~dref10.5r cav!/I ~dref! @for cylindrical chambers#,

~6!

51.0 @for plane-parallel chambers#, ~7!

whereI (d) is the ionization reading of a cylindrical chamb
placed with the cylindrical axis at depthd and r cav is the
radius of the chamber’s cavity in cm. Burnset al.10 have
shown that the ionization gradient is typically 10%/cm
less atdref , and hencePgr

Q is within 1.6% of unity for a
Farmer-like chamber. ThisPgr

Q correction is equivalent to
using the effective point of measurement for cylindric
chambers recommended in many dosimetry protocols s
as the IAEA Code of Practice2 and the AAPM’s TG–25.8 In
the TG–21 protocol this factor is not needed in electr
beams since the gradient is taken as zero for measureme
dmax. As an aside, in60Co beams,Pgr

Q is conceptually the
same as thePrepl factor in the TG–21 protocol,1 but for pho-
ton beams, the actual values obtained using the TG–21
proach or the IAEA’s effective point of measurement a
proach are considerably different.4,13,5

In the above approach the final dose equation atdref is:

Dw
Q5M PionPgr

Q kR50
ND,w

60Co @Gy#. ~8!

The values ofkR50
are calculable as a function ofR50 and

only depend on the chamber~see the Appendix!. For cylin-
drical chambers, the user must measurePgr

Q in their own
electron beam, but for plane-parallel chambers,Pgr

Q 5 1.0.
A reasonable dosimetry protocol could be designed us

this approach, and was essentially proposed by Burnset al.10

~although note that thekR50
quantity proposed in Eq.~6! of

that paper includesPgr
Q and thus is slightly different from

that used here!. The only drawbacks are that the values
kR50

for different ion chambers vary considerably~see Fig. 1
and Fig. 2! and there is no provision for the day when ca
bration factors are available for electron beams. Both
these drawbacks can be overcome as follows.

As a first step, consider a system based onND,w
Qe , an ab-

sorbed dose to water calibration factor for an electron be
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312 D. W. O. Rogers:: Electron beam reference dosimetry 312
of arbitrary qualityQe . In this system the equation for th
absorbed dose to water under reference conditions is

Dw
Q5M PionkQ8 ND,w

Qe @Gy#, ~9!

where, corresponding tokQ in Eq. ~2!, kQ8 is the factor which
converts the absorbed-dose calibration factor in an elec
beam of qualityQe to that in a beam of qualityQ. From Eq.
~3!, one can write:

kQ8 5

F S L̄

r
D

air

w

PwallPf l Pgr
Q PcelG

Q

F S L̄

r
D

air

w

PwallPf l Pgr
Q PcelG

Qe

. ~10!

Since both the numerator and denominator refer to elec
beams in this case, then for the reference beam qualityQe ,
kQ8 51.0 for all chambers, just askQ51.0 in a60Co beam for
all chambers.

For the same reasons as given above concerning spli
kQ into 2 components~see Eq.~4!!, for kQ8 one writes~from
Eq. ~10!!

kQ8 5
Pgr

Q

Pgr
Qe

kR50
8 ~11!

with

kR50
8 5

F S L̄

r
D

air

w

PwallPf l PcelG
Q

F S L̄

r
D

air

w

PwallPf l PcelG
Qe

. ~12!

where now two measured gradient corrections are nee
because there are gradient corrections in the numerator

FIG. 1. Calculated values ofkR50
@Eq. ~5!# as a function ofR50 for several

common cylindrical ion chambers. These values can be used with a60Co
absorbed-dose to water calibration factor and Eq.~8! to assign dose to wate
at the reference depthdref50.6R5020.1 cm.
Medical Physics, Vol. 25, No. 3, March 1998
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denominator of Eq.~10! since there are two electron beam
involved. Equation~12! is analogous to Eq.~5! except that
now all quantities are evaluated in electron beams.

Using Eq.~2! which defineskQ in terms of the photon-
beam absorbed-dose calibration factor, one can write

ND,w
Qe 5kQ~Qe!ND,w

60Co5Pgr
QekecalND,w

60Co, ~13!

where the second equality follows from Eq.~4! which sepa-
rateskQ for electron beams into its two components,Pgr

Qe and
kecal. The quantitykecal is just kR50

evaluated for a beam
quality Qe in Eq. ~5!, i.e.:

kecal5kR50
~Qe!. ~14!

Note that Eq.~13! is in terms of the original quantitieskQ

andkR50
defined earlier.

Starting from Eq.~9! for the dose to water, using Eq.~13!
to substitute forND,w

Qe and Eq.~11! to substitute forkQ8 , one
has, after some cancellation,

Dw
Q5M PionPgr

Q kR50
8 kecalND,w

60Co @Gy#. ~15!

Also, from Eq.~13! one has

kecal5
ND,w

Qe

Pgr
QeND,w

60Co
. ~16!

Thus there are two ways to determinekecal. The first, based
on Eq. ~14!, is to evaluate Eq.~5! for kR50

at beam quality
Qe . Values ofkecal calculated as described in the Append
are presented in Tables I and II. This list of cylindrical cha

FIG. 2. Calculated values ofkQ ~5kR50
@Eq. ~5!#! as a function ofR50 for

most common plane-parallel chambers. These values are used with a60Co
absorbed-dose to water calibration factor and Eq.~8! and Pgr

Q 5 1.0 to
assign dose to water at the reference depthdref50.6R5020.1 cm.
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313 D. W. O. Rogers:: Electron beam reference dosimetry 313
bers includes all chamber models~or their equivalents! rep-
resenting more than 0.3% of60Co calibrations in the last 2
years at the two largest Accredited Dosimetry Calibrat
Laboratories at the University of Wisconsin and at K&S A
sociates. The NE2571, NE2505/3,3A, PTW N30001~or

TABLE I. Values ofkecal for plane-parallel chambers, calculated as describ
in the Appendix using Eq.~14! and Eq.~5! or Eq.~A5! with a beam quality
Qe of R5057.5 cm. For this value ofQe , Eq. ~A5! reduces to
kecal50.903/Pwall .

Chamber kecal

Attix 0.883

Capintec 0.921

PTB/Roos 0.901

Exradin P11 0.888

Holt 0.900

Markus 0.905

NACP 0.888
Medical Physics, Vol. 25, No. 3, March 1998
n

equivalent N23333! and N31003~or equivalent N233641!,
Exradin A12, and Capintec PR06C&G represent more th
83% of all calibrations.

To do these calculations requires knowledge ofPwall for
plane-parallel chambers irradiated in a water phantom b
60Co beam and newly calculated values are also presente
the Appendix. For cylindrical chambers, the wall materia
and thicknesses are needed to calculatePwall in a water phan-
tom irradiated by a60Co beam plus the cavity diameter an
information about whether the electrode is made of alu
num or the wall material. The second method to determ
kecal, using Eq.~16!, requires access to a primary standa
for electron beams in order to establishND,w

Qe and, for cylin-
drical chambers, also requires knowledge of the gradient
rection for the user’s chamber in the beam in the prim
standards laboratory, i.e.,Pgr

Qe . These factors are not ye
available.

One advantage of using Eq.~15! as the basis of a dosim
etry protocol, instead of the equivalent Eq.~8!, is that the
transition to using primary standards for electron beams
made easier. Specifically, once electron-beam absorbed-
calibration factors are available, one could use the follow
dose equation:

d

ica.

tained

honka
TABLE II. Values ofkecal for all cylindrical chambers commonly used for reference dosimetry in North Amer
Values are calculated as described in the Appendix using Eq.~14! and Eq.~5! with an arbitrary beam qualityQe

of R5057.5 cm. Information about ion chambers required for the calculations is shown, and was ob
directly from manufacturers.

Wall
Al electrode

diameter
mmChamber kecal material

thickness
g/cm2

cavity diameter
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
PR06C/G 0.900 C-552 0.050 6.4
PTW23331 0.896 Graphite 0.012 7.9 1.0

PMMA 0.048
PTW30001~a! 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
PTW31003~b! 0.898 Graphite 0.012 5.5 1.5~d!

PMMA 0.066

Other Cylindrical

Exradin A1~c! 0.915 C-552 0.176 4.0
Capintec PR05/5P 0.916 C-552 0.210 4.0
Wellhofer IC10/IC5 0.912 C-552 0.227 6.0

aPTW30001 has the same values as the PTW23333 it replaced.
bPTW31003 has the same values as the PTW233641 it replaced.
cThere has been a change in designation of Exradin A2/A1 chambers. Model A1 now refers to the S
chamber with diameter 4 mm.

dSince data only available for 1 mm electrodes, that is what is used in calculations.
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FIG. 3. Calculated values ofkR50
8 @Eq. ~12!# as a function ofR50 for cylindrical ion chambers. These values can be used with Eq.~15! and a measured value

of Pgr
Q to determine the absorbed dose to water at the reference depth ofdref50.6R5020.1 cm. Note that chambers with aluminum electrodes are show

solid lines. The upper two curves at smaller values orkR50
8 represent curves which have cavity diameters less than 6 mm~i.e., they are not Farmer-like

chambers!. Equation~19! reproduces the values for all chambers with diameters greater than 6 mm within 0.2%.
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Dw
Q5M Pion

Pgr
Q

Pgr
Qe

kR50
8 ND,w

Qe @cylindrical chambers# ~17!

5M PionkR50
8 ND,w

Qe @plane parallel chambers#, ~18!

where the values ofkR50
8 presented here could be used as lo

as the calibration factor is for a beam with qualityQe of R50

57.5 cm. This quality is arbitrary but has been selected to
at a high energy since measurements are easier there in
eral so that primary standards are most likely to be de
oped there first, and it is attainable at many clinics us
electron beams. For cylindrical chambers this would nec
sitate measurement ofPgr

Qe at dref in the beam at the standard
laboratory. Even if one continues to use Eq.~15! based on a
60Co beam calibration factor for electron-beam dosime
one could use the electron-beam primary standards and
~16! to measure the values ofkecal.

Another advantage of Eq.~15! is that the values ofkR50
8

Medical Physics, Vol. 25, No. 3, March 1998
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show much less chamber to chamber variation than
values of kR50

. Figure 3 shows calculatedkR50
8 values for

cylindrical chambers. Note that all the Farmer-like cha
bers are virtually identical except for those chamb
with aluminum electrodes where a 0.2% effect comes i
play below 13 MeV. The PR05, PR05P and Exradin A
chambers show a slightly different trend because they ha
smaller diameter cavity~4 mm! and hence their values ofPf l

are different. The chambers with aluminum electrodes
show a 0.2% ‘‘jump’’ near 13 MeV because thePcel correc-
tion has a discontinuity at that point. The following equati
reproduces the individual curves within 0.2% for all cylin
drical chambers with cavity diameters greater than 6 mm,
2 cm ,R50,9 cm:

kR50
8 ~cyl!50.990510.071 e~2R50 /3.67!. ~19!

Figure 4 shows the calculated values for plane-parallel ch
bers. Here all the chambers with adequate guard rings h
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315 D. W. O. Rogers:: Electron beam reference dosimetry 315
identical values ofkR50
8 while the Markus and Capinte

chambers show some deviation because of the electron
ence corrections which become significant at low energ
~although this leads to some offset at high energies too s
there is still some offset at the reference beam quality w
R50 5 7.5 cm!. For the well-guarded plane-parallel cham
bers, for 2 cm,R50,20 cm,

kR50
8 ~pp!51.223920.145~R50!

0.214, ~20!

which is an analytic representation of the curve. Similar
analytic expressions could be derived for the Markus a
Capintec chambers by incorporating the expressions for
Pf l ~shown in Fig. 8 in the Appendix!.

III. DISCUSSION

In summary, by using a reference depth
dref50.6R5020.1 cm one can establish a ‘‘kQ’’ protocol for
electron-beam dosimetry which has a simple form, and
which most of the chamber to chamber variations can
collected into a single factor, viz.,kecal which must be calcu-
lated for the time being using Eq.~5!. Calculated values o
most commercial ion chambers used for reference dosim
are given in Tables I and II, based on the calculations
scribed in the Appendix. The advantage of the proposed
proach is that once there are primary standards for elec
beams,kecal can be measured based on Eq.~16! as the ratio
of absorbed-dose calibration factors in an electron beam
in a 60Co beam. Aside from thiskecal factor, the value of
kR50
8 , the remaining chamber dependent factor in the d

equation~Eq. ~15!!, shows very little chamber to chambe
variation as a function ofR50 for cylindrical or plane-parallel

FIG. 4. Calculated values ofkR50
8 @Eq. ~12!# as a function ofR50 for several

common plane-parallel chambers. Note that the values for the 5 w
guarded chambers lie on the same line in the figure. These values ca
used with Eq.~15! ~with Pgr

Q 5 1.0! to determine the absorbed dose to wa
at the reference depth ofdref50.6R5020.1 cm.
Medical Physics, Vol. 25, No. 3, March 1998
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chambers. For Farmer-like chambers or well-guarded pla
parallel chambers, the values ofkR50

8 can be obtained from

Eq. ~19! or Eq. ~20! respectively.
The major complication in this procedure is the need

measurePgr
Q correction factors in the user’s beam atdref if

cylindrical chambers are used. It is tempting to defi
electron-beam absorbed-dose calibration factors in term
an effective point of measurement, and thus get rid of
need for thesePgr

Q correction factors. However, this woul
require a primary standard to incorporate this chamber
pendent feature, and this is undesirable, both because
understanding and the data on this issue are not very g
and because the standards laboratory would become res
sible for evaluating a complex factor depending on the
sign of the user’s chamber. A much easier solution is jus
use a well-guarded plane-parallel chamber, since these
quire no gradient correction and furthermore, with the c
rent assumptions, these all have a single ‘‘kR50

’’ curve. An-
other drawback of usingdref50.6R5020.1 cm with
cylindrical chambers is that there is a significant fluence c
rection factor,Pf l , even for high-energy beams~see Fig. 7 in
the Appendix!. Once again, this problem can be avoided
the use of plane-parallel chambers.

One aspect of this proposal that needs further invest
tion is that the fluence correction factor,Pf l , is required
away fromdmax, the point at which most previous measur
ments were done.15–17 In practice these factors have bee
parameterized in terms ofĒz , the mean energy at the poin
of measurement, and in the procedure proposed here,
assumed that the measured values apply, despite no lo
being atdmax. The IAEA Code of Practice also makes th
assumption when it uses reference depths away fromdmax.

2

Huq et al.18 have reported recent measurements ofPf l at the
Burnset al. reference depth recommended here. These m

ll-
be
FIG. 5. Summary of the proposal for electron-beam dosimetry. Note tha
plane-parallel chambers the factorPgr

Q is unity. Values ofkR50
8 are presented

in Figs. 3 and 4 for cylindrical and plane-parallel chambers respectiv
Values ofkecal are presented in Tables I and II.
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316 D. W. O. Rogers:: Electron beam reference dosimetry 316
surements indicate good agreement with the values ofPf l

used here for cylindrical chambers in electron beams w
initial energies from 5 to 20 MeV.18

It must be emphasized that the procedure outlined her
not as complex as the equations might suggest. Figur
summarizes the proposal. Starting fromND,w

60Co, an absorbed
dose to water calibration factor, one needs a single, tabul
chamber dependent factor,kecal, ~Tables I and II!, plus a
value, kR50

8 which depends on the beam quality,R50, but

which shows very little chamber to chamber variation
either Farmer-like chambers or well guarded plane-para
chambers~Figs. 3 and 4 and Eq.~19! or Eq. ~20!!. The final
factors which make the equations appear complex are
gradient corrections which are needed for cylindrical cha
bers only. Although conceptually complex, their values
derived from a simple measurement in the user’s beam.

As pointed out by Burnset al.,10 once stopping-powe
ratios calculated for incident realistic electron beams
used in determining the dose at the reference point, i
essential that these same stopping-power ratios are
when establishing the dose at other depths in phantom. T
this they provided an analytic formula for stopping-pow
ratios as a function of depth andR50 and a fortran routine is
available at: http://www.irs.inms.nrc.ca/inms/irs/pape
SPRR50/sprR50.html. Using these stopping-power ratios
the procedures outlined in the AAPM’s TG-25 Report8 for
measuring complete depth-dose curves, one is able to a
rately and consistently determine the dose atdmax, which is
where most clinical normalization is done.

The procedure outlined here offers considerable impro
ment in the accuracy of electron-beam dosimetry compa
to the use of TG–21 protocol or the IAEA Code of Practi
because it uses improved dosimetric data. For example,
high-energy electron beam with a 5% bremsstrahlung
when using a chamber with an aluminum electrode to as
the dose atdmax using the procedure suggested here, the d
would increase by nearly 2% compared to that assigned
TG-21. In contrast, the dose assigned in a low-energy e
tron beam would decrease by 0.4% measured with a cham
without an aluminum electrode. Thus the relative dose
signed using TG–21 in these 2 situations would have b
wrong by 2.4% compared to the more accurate data u
here.

However the approach itself provides little improveme
in overall accuracy of electron-beam reference dosime
compared to the TG-21 formalism, as long as the new ph
ics included here is also included in the TG-21 formalis
The first major issue is the use of stopping-power ratios
culated with incident realistic electron beams. Dinget al.9

have provided data which allows the standard TG
stopping-power ratios to be corrected based on the meas
value of the bremsstrahlung tail in the user’s beam. Th
showed that this correction varied from20.6% to 1.2%. The
second issue concerns the correction for central electro
made of aluminum, i.e.,Pcel. Based on the data of Ma an
Nahum,14 the values ofPcel which have been proposed imp
up to a 0.7% effect in electron-beam dosimetry.6 The ap-
Medical Physics, Vol. 25, No. 3, March 1998
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proach outlined here includes both of these effects w
fewer steps, but one cannot say that the formalism has
to more accuracy in the assigned dose. However, the m
uncertainties in electron-beam dosimetry are still in the c
culation of the factorkecalor its equivalent in TG-21~see Eq.
~5! for R505Qe). The real gain in accuracy in the prese
approach will be when one can measurekecal factors using
primary standards for absorbed dose in electron beams u
Eq. ~16!.

One drawback of the system proposed is that some pla
parallel chambers appear to have variable dosimetric pro
ties which suggest that60Co calibrations may not provide
accurate indications of behavior in electron beams.19,20 To
the extent that this is the case, this suggests the need
using electron-beam calibration factors which can easily
introduced following the procedure outlined here~Eq. ~18!!.
Alternatively, prior to the availability of these calibratio
services, one could measurekecal for each plane-paralle
chamber against a cylindrical chamber, much asNgas is de-
termined by measurements in high-energy electron beam
these chambers when following TG-211 or TG-39.17

One other aspect of this approach is thatR50 anddref must
be established at the same time as the reference dose
surements are being made to ensure that correct value
used since by moving away from dose maximum one
comes more sensitive to changes in the beam energy.
example, a 3% variation inR50 near 6 cm would meandref

changes by about 1 mm and with a placement uncertaint
say 1 mm this leads to an effective depth uncertainty of
mm. The uncertainty in the dose atdref in a worst case situ-
ation where there is a 10%/cm gradient10 is thus 1.4%. Simi-
lar concerns apply whereverdref is selected since the gradien
is actually larger near dose maximum for low-energy bea
and the placement uncertainty will contribute a similar u
certainty there as atdref .

IV. CONCLUSIONS

The advantages of this approach are that it starts fro
60Co absorbed-dose calibration factor and allows a form
ism which parallels the photon beam case. It also fully
counts for the effects on stopping-power ratios of realis
clinical beams. Finally, the formalism is structured so th
once primary standards for electron beams are in place
one beam quality, Qe , the most complex factor in the proce
dure, viz.,kecalcan be measured. Also, thekR50

8 factors can be

measured as a function ofR50 if standards are available at th
different beam qualities. The use of well-guarded plan
parallel chambers makes the entire procedure much sim
and more robust and is to be encouraged.
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TABLE III. Pwall correction factor for plane-parallel chambers in a phantom of the major material of the cha
or water, irradiated by60Co beams. Uncertainties shown are statistical~68% confidence! and there is an inheren
1% systematic uncertainty. For the in-water case, it is assumed a 1 mmslab of the major material of the
chamber is used for waterproofing unless the chamber has its own waterproof front face which is sh
brackets in the last column. Calculations are performed as described in Ref. 22 using a total of 0.5 g/cm2 extra
material unless noted. These results supersede the preliminary results published in Ref. 6. These va
calculated using the electron stopping power data of ICRU Report 37~Ref. 23!. Experimental values for the
in-water case are shown in brackets below the corresponding calculated values.

Chamber
~major material!

Pwall in 60Co beam
Additional
material

~chamber itself!
in homogeneous phantom in water
previous present present

Attix ~RMISW! 1.015~4!a 1.012~3! 1.023~3! 1mm RMISW, 4.0mm H2O

Capintec PS033~pst! 0.952~4!b 0.948~1! 0.974~3! 1mm pst, 3.9mm H2O
~0.985c)

Exradin P11~pst! 1.000~4!b 0.994~2! 1.018~1! 3.9 mm H2O ~1mm pst!

Holt ~pst! 0.997~4!b 0.997~3! 1.004~1! 5mm H2O ~4mm pst!

Markus ~PMMA! 1.000~4!b 0.992~2! 0.997~2! 1mm PMMA, 3.8 mm H2O
~1.003d)
~1.004c)

NACP ~graphite! 1.027~3!b 1.018~2! 1.018~2! 5mm H2O ~0.1mm mylar,
~1.013d) 0.5mm gr!
~1.026c)

PTB/Roos~PMMA! 0.995~2! 1.003~2! 6mm H2O ~1mm PMMA!

aAttix ~Ref. 32! quoting this author’s calculations.
bReference 22.
cReference 20.
dReference 33.
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APPENDIX: CALCULATION OF kQ AND k R50

Calculation ofkQ for electron beams is considerably mo
complex than for photon beams since the quantities in
numerator and denominator of Eq.~3! are different, not just
the same quantities at different beam qualities as in the p
ton beam case. As discussed in the text, onlykR50

~Eq. ~5!!,

or kR50
8 ~Eq. ~12!! can be calculated~as opposed tokQ) since

for cylindrical chambers one must measure the grad
correction in the user’s electron beam. This Appen
describes the calculation ofkR50

in detail since once it can

be calculated,kR50
8 and kecal are straightforward variations

As an aside, although not used here, one can rewrite Eq~5!
for kR50

as
l. 25, No. 3, March 1998
r
ee
o

ir
’s
ir

e

o-

nt
x

kR50
5

Ngas

ND,w
60CoF S L̄

r
D

air

w

PwallPf l PcelG
R50

, ~A1!

where the formula forNgas is extended from the TG-21 pro
tocol’s equations to includePcel, the correction factor for an
aluminum central electrode.

FIG. 6. Values ofRp as a function ofR50 for a variety of electron-beam
depth-dose curves~data taken from Ref. 31!. The fitted line is given by Eq.
~A4!.
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For cylindrical chambers, the denominator of Eq.~5!,
which is for 60Co beams, is calculated as described in R
6. Briefly, the TG-21 formalism is used1,13,21 to calculate
Pwall and Pgr

Q (5Prepl for photon beams!; the needed
photon-beam data on stopping-power ratios are taken f
the IAEA Code of Practice;2 and a value ofPcel50.9926 is
used in a60Co beam for chambers with a 1 mmaluminum
electrode~based on a fit in Ref. 6 to the data in Ma an
Nahum14!.

For plane-parallel chambers the denominator evalua
in 60Co beams requires new considerations. The stopp
power ratio is the same as in the cylindrical chamber ca
ThePrepl factor for plane-parallel chambers is unity. ThePcel

factor is unity since there are no central electrodes. ThePwall

factor is not covered by the standard expression forPwall
1,2,13

which only applies to chambers where the wall surroun
the cavity uniformly. For plane-parallel chambers, the fro
wall is often much thinner than the rest of the chamber a
of a different material. Also, any insulator material immed
ately behind the cavity may have a dramatic effect on
response ~up to 5%! and Pwall must take this into
account.22,17 In the TG–39 report on electron-beam dosim
try with plane-parallel chambers~which, for consistency
with TG–21 did not use the ICRU Report 37 stoppi
powers23 being used here!, values ofPwall in a 60Co beam
were provided for the case in which the phantom mate
matched the major component of the chamber~graphite for
an NACP chamber, PMMA for a Markus chamber, etc!.
These values were based on Monte Carlo calculations for
chambers free in air with a 0.5 g/cm2 buildup cap of the
same material as the phantom.22 For the present purpose
the value ofPwall in a water phantom is needed, which al
implies there may be a waterproofing cap on the pla
parallel chamber. Using the same methods as previous
have done a further series of Monte Carlo calculations
derived the necessaryPwall values for various commercia

FIG. 7. Values ofPf l at a depth ofdref vs R50 for cylindrical ion chambers.
Based on data in TG–21 from Ref. 15 and using the techniques describ

the Appendix to relate the various parameters. The values aboveĒz 5 20
MeV are obtained by linearly interpolating between the values at 20 M
and values of 1.0 at 30 MeV for all diameter chambers.
Medical Physics, Vol. 25, No. 3, March 1998
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plane-parallel chambers in a water phantom~see Table III!.
In this case, if the chamber is not already waterproof,
simulation includes a 1 mmthick slab of material on the
front face to make it waterproof. A slab of water is als
included in the simulation so that the additional material
the front face totalled 0.5 g/cm2 in most cases. For compar
son, values ofPwall are recalculated for the case of the nom
nally homogeneous phantom using the identical compu
code and input data as used previously22 but for much better
statistical precision. The new calculated values are
smaller, on average by 0.5% which is expected to hap
about 1 time in 10 on purely statistical grounds. Howev
recall that there is an inherent 1% systematic uncertainty
these calculations which dominates the overall uncertai
These new values make the agreement with experimen
non-water phantoms~summarized in Ref. 22! even worse
than pointed out elsewhere.24 Wittkämperet al. and Laitano
et al. have reported measurements ofPwall for various cham-
bers in water and these are in reasonable agreement wit
calculated values given the respective uncertainties~see
Table III!.

For calculatingPwall , in addition to the values ofkm

given previously,22 values were used of 0.980 and 0.971 f
water and RMI solid water, respectively.

With Pwall values available, all the factors in the denom
nator of Eq. ~5! are known for plane-parallel chamber
These values of the denominator are calculated and ha
relatively large systematic uncertainty. Once it is decid
how to waterproof each of these chambers properly, as s
of the manufacturers have already done, it would be pre
able to have measured values ofPwall or perhaps bypass thi
step entirely and use Eq.~A1! to determine the necessar
kecal values based on measured values ofNgas.

For the numerator in Eq.~5! for kR50
, the stopping-power

ratio for electron beams is given by:10

in

V

FIG. 8. ThePf l factors for plane-parallel chambers recommended by TG–
~Ref. 17! plus cubic fits to the curves for the Markus and Capintec cha

bers. The factors are given as a function ofĒz ~E in the figure!, the mean
energy at the depth of measurement.
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S L̄

r
D

air

w

~dref!51.253420.149~R50!
0.214. ~A2!

These values are for the reference depth, 0.6R5020.1 cm.
Consistent with the conclusions drawn recently by two co
mittees after reviewing the available data,25,24 the Pwall term
is taken to be unity, with the caveat that for plane-para
chambers, there may be a need to include a factor var
between 1.0 and 1.02, depending on the energy and mat
of the back wall of the chamber.26–28 For cylindrical cham-
bers, Nahum’s theoretical work suggests that if there is
Pwall correction, its deviation from unity is less than 1%29

The Pcel factor for cylindrical chambers with 1 mm alum
num electrodes is 1.0 forR50<5.6 cm or 0.998 for higher
energies as given in Ref. 6 based on the work of Ma a
Nahum.14

The value ofPf l is the remaining unspecified factor in th
numerator of Eq.~5! for kR50

values. For cylindrical cham
bers, values ofPf l are given in the TG–21 protocol as
function of chamber radius and the mean energy at the p
of measurement. One assumes that the values atdmax in
TG–21 still apply fordref away fromdmax ~further measure-
ments to confirm this, such as those by Huqet al.18 are
needed!. For low-energy beams the TG–21 values apply
causedref is still at dmax. At higher energies, the correctio
becomes less important and thus the approximation b
used is probably acceptable. This same approximation,
that values ofPf l at a given mean energy measured atdmax

hold at other depths, is made for cylindrical chambers in
IAEA Code of Practice2 which also uses reference dept
away from dmax. To evaluatePf l requires Ēz , the mean
energy at the point of measurement. Traditionally this
given by the Harder relationship:

Ēz5Ē0~12z/Rp!, ~A3!

FIG. 9. Calculated values ofkR50
8 , Eq. ~12!, for high-energy electron beams

as a function ofR50 for cylindrical ion chambers. These values can be us
with Eq. ~15! and a measured value ofPgr

Q to determine the absorbed dose
water at the reference depth ofdref50.6R5020.1 cm.
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where Ē0 is the mean energy at the surface andRp is the
practical range.30,1 This parameterization breaks with th
proposed beam quality specification in terms ofR50. How-
ever, it is possible to recast the data onPf l so that the value
of Pf l at dref is given as a function ofR50 and the cavity
radius. An approximate value ofĒ0 is given by 2.33R50 and
fitting data forRp andR50 from many~21! realistic electron
depth-dose curves31 ~see Fig. 6!, one can write:

Rp51.271R5020.23 @cm#. ~A4!

While this is a rather crude approximation, the maximu
error in the estimate ofPf l for a plane-parallel chambe
would occur for the Capintec chamber atdref in the low-
energy Clinac beam in Fig. 6 and in this case the incorr
value of Ēz based on using Eq.~A4! rather than the actua
value of Rp would lead to a 0.3% error inPf l . Using Eq.
~A4! would lead to a maximum error of 0.14% inPf l for
Farmer-like cylindrical chambers in the same beam atdref .

Putting these relationships together leads to the flue
correction data for cylindrical chambers in Fig. 7. Note th
because the reference depth,dref , is deeper thandmax for
high energies, thePf l correction is significant, even at hig
energies~it is about 0.98 for a Farmer-like chamber atdref in
a 20 MeV beam!.

For well-guarded plane-parallel chambers,Pf l is taken as
unity, but this is not the case for the Markus and Capin
chambers. For these chambers, TG-39 has recommended
ues forPf l as a function ofĒz , the mean energy at the dep
of measurement, and TG-39’s tabulatedPf l values are given
here by the expressions in Fig. 8. The techniques descr
above for estimatingĒz , the mean energy atdref , are used to
establishPf l at dref . As with the cylindrical chambers, mos
data for these chambers have been measured atdmax and
possibly do not apply at other depths, but it is assumed h

d
FIG. 10. Calculated values ofkR50

8 , Eq. ~12!, for high-energy electron

beams, as a function ofR50 for plane-parallel chambers. Note that the valu
for the 5 well-guarded chambers lie on the same line in the figure. Th
values can be used with Eq.~15! ~with Pgr

Q 5 1.0! to determine the absorbed
dose to water at the reference depth ofdref50.6R5020.1 cm.
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that they do. For well-guarded plane-parallel chambers, s
Pf l 5 1.0, most other factors are common and one can w

kQ5kR50
5

1.253420.149~R50!
0.214

1.134Pwall
, ~A5!

where 1.134 is the Spencer–Attix water to air stoppin
power ratio in a60Co beam.

At this point, all the information needed to calculatekR50

for cylindrical or plane-parallel chambers has been p
sented. Using this same information one can calculate
quantitieskR50

8 ~Eq. ~12!! and kecal ~which is just a specific

value ofkR50
~Eq. ~5! or Eq. ~A5!! for the beam qualityQe .

The calculations reported here can be done using a
gram calledPROT21 which will be made available on th
WWW at http://www.irs.inms.nrc.ca/inms/irs/PROT
PROT_homepage/prothome.html

In the text of the paper the range of values shown
various parameters is forR50 between 2 cm~about 5 MeV!
and 9 cm~over 20 MeV!. However, the calculations hav
been done for beams up to 50 MeV to cover the use of
MM50 accelerator. The data for these high energy mach
are shown in Figs. 9 and 10.
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