AAPM protocol for 40—-300 kV x-ray beam dosimetry
in radiotherapy and radiobiology
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The American Association of Physicists in Medici(®APM) presents a new protocol, developed

by the Radiation Therapy Committee Task Group 61, for reference dosimetry of low- and medium-
energy x rays for radiotherapy and radiobiology (4Gktdbe potentiak=300kV). It is based on
ionization chambers calibrated in air in terms of air kerma. If the point of interest is at or close to
the surface, one unified approach over the entire energy range shall be used to determine absorbed
dose to water at the surface of a water phantom based on an in-air measutdraetin-air”

method. If the point of interest is at a depth, an in-water measurement at a depth of 2 cm shall be
used for tube potentials=100 kV (the “in-phantom” methodl. The in-phantom method is not
recommended for tube potentiaisl00 kV. Guidelines are provided to determine the dose at other
points in water and the dose at the surface of other biological materials of interest. The protocol is
based on an up-to-date data set of basic dosimetry parameters, which produce consistent dose
values for the two methods recommended. Estimates of uncertainties on the final dose values are
also presented. @001 American Association of Physicists in Medicine.
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I. INTRODUCTION
A. Historical review

Kilovoltage (40—300 k\} x-ray beams continue to be used
in radiation therapy and radiobiology. According to a survey
conducted in 1995 by American Association of physicists in
Medicine (AAPM) Radiation Therapy Committee Task
Group 6112 there is renewed interest in radiotherapy treat-
ment with superficial and orthovoltage x rays, with more
x-ray machines being ordered and installed in North America
during the last few years.

For the dosimetry procedures, several dosimetry protocols
are available for kilovoltage x-ray beam therapy. In 1973 the
International Commission for Radiation Units and Measure-
ments (ICRU) Report No. 23 recommended “the in-air
method” for low-energy photongtube potential: 40—150
kV) with the backscatter factors taken from the 1961 British
Journal of RadiologyBJR Supplement 16,and “the in-
phantom method” for medium-energy x raftsbe potential:
150-300 kV, respectively. In 1981, the National Council on
Radiation Protection and Measureme(<RP Report No.
69° gave a formula to calculate dose to a phantom material at
a point in air(with a minimum phantomfor tube potentials
10 kV through the medium-energy range to 300 kVJ. A
backscatter factor was needed to calculate dose on the phan-
tom surface. Two years later, the U.K. Hospital Physicist
Association(HPA) adopted the same methodology as that
used by the ICRU Report No. 23 for low- and medium-
energy x-ray beanfsFor the backscatter factors, the HPA
protocol recommended the values from the 1983 BJR
Supplement 17.In 1987, the International Atomic Energy
Agency (IAEA) code of practic® also recommended two
different formalisms for low- and medium-energy photons
although the beam-quality ranges were slightly diffeiémy
energy: tube potential 10—100 kV, medium energy: tube po-
tential 100—300 kY. The backscatter factors were derived
from Monte Carlo calculations. The values of the chamber
perturbation factor used by the IAEA have been the source of
some controversy.1®In 1991, the Institute of Physical Sci-
ences in Medicine Working PartyPSM)'’ recommended no
change in the conversion factbrgiven by HPA but gave a
new set of backscatter factors which were derived from a
combination of more recent Monte Carlo calculations and
experimental results. The more recent code of practice of the
Institute of Physics and Engineering in Medicine and Biol-
ogy (IPEMB)*8 published in 1996 and the code of practice of
the Netherlands Commission on Radiation Dosimetry
(NC9*'® published in 1997 further incorporated the chamber
correction factors that were consistent within 2% with the
new |IAEA recommendations issued in the second edition of
TRS-277*

In North America, a variety of dosimetry procedures have
been used in practice, with a combination of conversion and
correction factors measured and/or taken from different
protocolst?2°For the last few years, there have been a num-
ber of publications concerning this subject leading to the
formation of several dosimetry task groups outside North
America and new dosimetry protocols for kilovoltage x rays.
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The AAPM Radiation Therapy Committee Task Group 61V C), it is the sign of the charge collected. Unit(Coulomb
was set up to evaluate the current situation and to reconer rdg (electrometer reading
mend suitable dosimetry procedures for kilovoltage x-rayM: electrometer reading corrected for temperature, pres-

beam dosimetry for radiotherapy and radiobiology. sure, ion recombination, polarity effect and electrometer ac-
curacy. Unit C(Coulomb.
B. Scope of this document (ny!p)med the mass energy-transfer coefficient for a me-

) ] ] ] dium med. The unit is Atkg. The mass energy-transfer co-
This protocol deals with the dosimetry of kilovoltage X efficient is the average fractional amount of incident photon
rays (tube potential: 40—-300 KMor radiotherapy and radio-  gnergy transferred to kinetic energy of charged particles as a
biology applications. It is amir-kerma-basegrotocol using  regyit of the photon interactions with the medium. When
a calibration of an ionization chamber in air at a standard%ump"ed by the photon energy fluenc& & ® - E), where
laboratory. This protocol is valid only when the conditions of i the photon fluence arithe photon energy, it gives the
charged particle equilibrium are satisfied. The scope of thigerma to the medium. The mass energy-absorption coeffi-

protocol is fourfold: cient is related to the mass energy-transfer coefficient by
(1) calibration methodology(dosimeter requirements and (&en/P)med= (Ki/P)med1—0). ASgis generally very small
phantom configurations it is often ignored for low- and medium-energy x rays, and
(2) determination of absorbed dose to water at referencé® mass energy transfer coefficient is used for the mass
depths in water; energy-absorption coefficient. Thus, the kerma is taken as
(3) determination of absorbed dose to water at other depthgollision kerma, and we do not distinguish collision kerma
in water: and and kerma in this protocol unless it is needed.
O o — d : -
(4) determination of absorbed dose to other biological mate(Men/.P.)mgd% the ratio of the mean mass energy-absorption
rials on the surface. coefficient for medium 2(med 2 to medium 1(med 1,

which is dimensionless. Each of the mean values is calcu-

lated by averaging the monoenergetic mass energy-

absorption coefficients over the photon energy fluence spec-
The following are the symbols used in this document: trum at the point of interest either in air or at a depth in

B,: backscatter factor defined, for the reference field sizavater. In ionization chamber dosimetry, we usually have me-

and beam quality, as the ratio of water kerma at the surfacdium 1=air and medium 2 water, in which case we have

of a semi-infinite water phantom to water kerma at that poini(uen/p)%,, Which is used to convert air kerma to water

in the absence of the phantom. It accounts for the effects déerma, either free in air or at a depth in water.

phantom scatter for kilovoltage x-ray beams when the “in-Ny: air-kerma calibration factor, for a specified x-ray beam

C. List of nomenclature, symbols, and units

air” method is used for the dose determination. quality. This quantity, when multiplied with the corrected
CV”V‘Ed. a factor to convert dose from water to a mediomad  chamber reading, yields air kerma under the conditions that
which is dimensionless. the photon fluence spectrum and angular distributions are the
Dedz: absorbed dose to a mediumedat a depthz, ex-  same as that for which the calibration factor has been de-
pressed in Gy. rived, expressed in Gy C.

D, .. absorbed dose to water at a deptlexpressed in Gy. P: air pressure inside ion chamber, in kPa. The reference
g: fraction of the energy of secondary electrons that is lostneasurement pressureRs.;= 101.33 kPaor 760 mm Hg.

in radiative processes in the medium, which is dimensionPg displacement correction factor to account for the ef-
less. For low-Z materials, it is less than 0.1% for photonsfects due to the displacement of water by a stemless chamber
below 300 keV. (i.e., only the air cavity and the chamber walwhich is
HVL: half-value layer, defined as the thickness of an absorbdimensionless.

ing material(usually Al or Cy necessary to reduce the air- Pg ,: correction factor to account for the effects on the re-
kerma rate to 50% of its original value in an x-ray beam, insponse of a stemless chamber due to the change in photon
narrow beam conditions. Unit of this quantity is “mm Al” energy and angular distributions between the calibratiion

for low-energy x rays and “mm Cu” for medium-energy x air) and measuremeriin phantom, which is dimensionless.
rays. Ppoi- i0nization chamber polarity effect correction factor,
HC: homogeneity coefficient, defined as the ratio of the firstwhich is dimensionless.

half-value layer(HVL) thickness to the second HVL thick- Pgq .nam Overall correction factor to account for the effects
ness of a mediurfusually in Al or Cy, which is dimension- due to the change in beam quality between calibration and

less. measurement and to the perturbation of the photon fluence at
Kar air kerma, expressed in Gy. the point of measurement by the chamber, and the chamber
Kimed - air kerma in medium med, expressed in Gy. stem, which is dimensionless.

Ky: water kerma, expressed in Gy. Psheath  Waterproofing sheath correction factor to account for
K{,’V"me‘i. water kerma in medium med, expressed in Gy.  the effects of the change in photon attenuation and scattering

M. aw UNcorrected electrometer reading. If no sign is indi-due to the presence of the waterproofing sheath in a water
cated, the measurement is made collecting the same chargbantom(if presenj, which is dimensionless.
as during calibration. If a sight or —) is indicated(see Sec. Pgemar Stem correction factor to account for the effects of

Medical Physics, Vol. 28, No. 6, June 2001
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the change in photon absorption and scattering between thgortant reason for this division is to specify a lower limit to
calibration(in air) and the measuremefin air) due to the the medium energy range, below which the in-phantom
presence of the chamber stem, which is dimensionless.  method shall not be used.

Pstemwater COMbined stem correction factor to account for
the effects of the change in photon absorption and scatterin
between the calibratioriin air) and the measuremerin
phantom due to the presence of the chamber stem, which is - Specification of a kilovoltage x-ray beam requires knowl-

g. Beam quality specifier

dimensionless. edge of the photon fluence spectrum at the point of interest.
T: temperature, in °C. For the calibration labs in North The half value layefHVL) solely or in combination with the
America, the reference temperatureTig= 22 °C. tube potential is often used to characterize the spectrum.

(Wle),. average energy expended per unit charge of ionHVL is specified in terms of “mm Al” for low-energy x
ization produced in dry air, having the value 33.97 J/C. Noterays and “mm Cu” for medium-energy x rays. For conve-
that the “exposure-to-dose-to-air” conversion coefficient de-nience, however, “mm Al” may also be used for x-ray

rived from this value is 0.87610 2 Gy/R. beams with tube potentials up to 150 K& superficial x-ray
z reference depth in water for dose calibration measureunit may have tube potentials from 30 to 150)kV
ment, in cm.z=0 for low-energy(up to 100 kV x-ray The quality of a beam depends on many factors such as

beamsz can be either 0 or 2 cm for medium-enefd@0—  tube potential, target angle, target material, window material,
300 kV) x-ray beams depending on the point of interest.  and thickness, monitor chamber material and thickness, fil-
SSD: source to surface distance, in cm. This is usually aration material and thickness, shape of collimation, and the
nominal distance because the exact position of the x-ragource-chamber distance. A measurement of HVL may be
source focal spot is not well defined. affected by the details of the experimental setup, the proce-
““In-airmethod™: calibration method to obtain absorbed dures and the energy dependence of the dosimeters used.
dose to water at the surface of a water phantom, based on 8ection I1C describes the setup for the measurement of
in-air measurement using an ion chamber calibrated free iHVL.
air. There are a variety of reports on measured x-ray spectra
“‘In-phantom method”: calibration method to obtain ab- essentially from the 1960s and the 1970g8that apply to
sorbed dose to water at 2 cm depth in water, based on aglinical as well as calibration and research x-ray setups. As
in-water measurement using an ion chamber calibrated fregell, various programs have been developed for the calcula-
in air. tion of kilovoltage x-ray spectrum and the HVL value based
Use ofthe term “shall” and “should”: recommendations on on the calculated spectrufsee Refs. 29 and 34Detailed
reference dosimetry and quality assurance in this protocdhformation about the target and the target angle, the mate-
have been systematically preceded by the term shall. Thestls in the beam and their thicknesses are required for accu-
recommendations must be followed to insure the accuracy afate HVL calculations. In general, target material, target
the absorbed dose determination using the formalisms arahgle, filtration material and thickness are given by the
dosimetric data provided in this protocol. This term is notmanufacturers while other factors are poorly known and may
used in the sections headed by the term “Guidelines” indiffer from the manufacturer’s specifications.
which multiple alternatives may exist for the same purpose. |t is generally considered to be insufficient to use only
“Should” has been used in situations, where a recom-tube potential or HVL to specify a beathCommonly used
mended practice may be modified by the user provided thatlinical beams have been reported to have a wide range of
the replacement practice does not compromise the dosimetiV/L values corresponding to the same tube potental.
accuracy. Chamber-related factors, suchMg andPq cham as well as

the detector-independent mass energy-absorption coefficients

for water to air and the backscatter factors, can vary for x-ray

beams of the same tube potential but different HVL values,

Il. RADIATION QUALITY SPECIFICATION AND and vice versd>?® Although dosimetry data are increasingly
DETERMINATION derived as a function of both tube potential and H¥Ithe
A. Energy ranges considered use of both tube potential and HVL value may not com-

pletely resolve the specification problem for all the quantities
involved. Moreover, in the context of a protocol, the addition
of a quantity in terms of which the data have to be presented
increases complexity and the probability of clinical errors.
(i) “low-energy (or superficial x rays”: x rays generated For the specification of mass energy-absorption coefficient
at tube potentials lower than or equal to 100 kV and ratios for in-phantom dosimetry, a recent investigation has
(i)  “medium-energy(or orthovoltage x rays”: x rays examined the uniqueness of the ratio of ionization at 2 cm to
generated at tube potentials higher than 100 kV. ionization at 5 crfi* but more work is required to verify the
validity of such a beam quality specifier.
Since this protocol allows for the use of the in-air method In this protocol, we separate the issue of beam quality
throughout the entire 40—300 kV energy range, the most imspecification into two main stages. The first stage deals with

The energy range (40 k¥tube potentiak 300 kV) con-
sidered in this paper is divided into two regions of clinical
and radiobiological relevance:

Medical Physics, Vol. 28, No. 6, June 2001
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monifor L uator | diophragm material(see Fig. 1 For the air-kerma measurement, small-
source IR erial . / ionization size detectors are desirable. The beam must cover the sensi-
- /chcmber tive volume of the detector. The detector response shall have
o limited beam-quality dependenéeithin 5% between 40 and
300 kV) for accurate HVL measurements. The attenuator
. \ shall be made of high-purit{99.9% material and the thick-
ness of the attenuator shall be measured with an accuracy of
0.05 mm.

50 cm 50 cm

Fic. 1. The experimental setup for HVL measurement. Shown in the figurd[l. EQUIPMENT
are sourcdtarge}, HVL attenuator, diaphragm, and ion chamber. The loca-
tion of the monitor chamber for normalization of the ion chamber signal, if A. Phantoms

applicable, is shown. The monitor may already be part of the x-ray setup. If . . . .
not, it must be positioned such that its response is not affected by changing YWhen using the in-air method, the measurement is per-

the filter thickness. The ion chamber for the kerma-rate measurement muormed free in air, and no phantom is involvéske Sec. V

be sufficiently energy independent so that a change in filter thickness causgg) \When using the in-phantom meth¢gke Sec. V B wa-

an insignificant change in energy dependence. ter is the phantom material to perform the measurement and
the phantom size shall be 3B0x 30 cn? or larger. For con-

obtaining the air-kerma calibration factdi from the stan-  Venience, plastic phantoms may be used for in-phantom rou-

dards lab. The chamber shall be calibrated at a beam qualifj’® quality assurance. However, they shall not be used for
sufficiently close to the user’'s beam quality in termsboth in-phantom reference dosimetry for kilovoltage x rays as the
the tube potentiand HVL to ensure the validity of the Chamber correction factors and the conversion factors to de-

calibration factor in the clinical situatiofsee Sec. Il B. rive dose at a depth in water for these phantoms are not well

Preferably, the chamber should be calibrated at more thakPown. In addition, the water equivalence of some commer-
one x-ray quality to ensure that the user's beam quality i§|al plgstlgs fgr kilovoltage x rays remains an area of active
properly covered. The second stage deals with measuring tavestigatiors
absorbed dose in the user beam. At this stage Hvly is
considered to be the quality specifier. Section VIII deals withB. Dosimeters
estimates of uncertainties, which include estimates for the
lack of complete beam quality specification by using only
o Comvenence, e peasurement for bih cylndicel and parelelpiete chan-
this protocol. bers is the center of the sensitive air cavity of the chamber.
All measurements shall be corrected for temperature, pres-

sure, ion recombination, polarity effect, and electrometer ac-
curacy. The fully corrected reading is defined &4

The first HVL of an x-ray beam is defined as the thickness=M 4,P1pPionP poiPeiec: WhereM ,, is the raw uncorrected
of a specified attenuator that reduces the air-kerma rate in @ading (in-air or in-phantom Descriptions of the various
narrow beam to one half its original value. The determina-correction factors can be found in Sec. V C. Cognizant of
tion of HVL involves the measurement of the variation with chamber respons@rom either calibration standards labora-
the attenuator thickness of air kerma at a point in a scattertories, comparison of known chamber, or manufacturer’s
free and narrow bear:*! This means that for this measure- datg, chamber calibration factors should not vary signifi-
ment, detectors shall be used with sufficient buildup thick-cantly between two calibration beam qualities so that the
ness to eliminate the effect of contaminant electr@gese  estimated uncertainty in the calibration factor for a clinical
Sec. Il B). beam quality between the two calibration qualities is less

Figure 1 shows the experimental setup for the HVL meathan or equal to 2%.
surement. The beam diameter defined by the diaphragm shall For low-energy x rays with tube potentials below 70 kV,
be 4 cm or less. The thickness of the diaphragm must bealibrated soft x-ray parallel-plate chambers with a thin en-
thick enough to attenuate the primary beam to 0.1%. Thérance window shall be used. Thin plastiow-Z, e.g., poly-
detector shall be placed at least 50 cm away from the attenwethylene or PMMA foils or plates shall be added to the
ating material and the diaphragm. A radiographic check okntrance window, if necessary, to remove electron contami-
the alignment of the source, the diaphragm, and the detectaoration and provide full buildup. When presented for calibra-
shall be performed. A monitor chamber can be used to cortion, it is the responsibility of the user to provide these
rect for variations of air-kerma rate especially when the air-buildup plates or foils as part of their instrument to the Ac-
kerma rate is significantly lowered by the addition of filtra- credited Dosimetry Calibration Laboratori¢aDCL), Na-
tion in the beam during the HVL measurement. In that casetional Institute for Standards and Technold®lST), or Na-
it must be properly placed so that it does not perturb thdional Research Council of CanaddRCC), since the same
narrow beam by adding to the scatter component, and itplate or foils are to be used when calibrating the clinical
response is not affected by the thickness of the attenuatingeam. Table | shows total buildup thickness obtained from

Air-filled ionization chambers shall be used for reference
dosimetry in kilovoltage x-ray beams. The effective point of

C. Determination of HVL

Medical Physics, Vol. 28, No. 6, June 2001
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TaBLE |. Total wall thickness required to provide full buildup and eliminate djum energy X ray)smay also be used. However, correction

effects of electron contamination during calibration of a low-endrg$00 factors must then be determined experimentally by compar-
kV) clinical beam using thin-window plane-parallel chambers. The window. . . .
thickness of the chambéfor example, 2.5 mg/cA should be subtracted Ing the chambers with a chamber with known correction fac-

from the values listed in this table so as to arrive at the required foil or platdOr'S (see Sec. VC@B

thickness for full buildup. The data are calculated from CSDA ranges in

polyethylene for the most energetic electrons using ICRU Report No. 37C. Electrometers

tabulations(Ref. 42. CSDA ranges in PMMA are about 10% higher. Note

that for in-air calibrations in medium-energy x rafzs100 kV), cylindrical lonization chambers are read out by the use of a charge-
chambers with walls>50 mg/cnt and without buildup cap shall be used, as or current-measuring device, normally termed an electrom-

their wall thickness is sufficient to provide full buildup. eter. This device shall be capable of reading currents on the

Tube potential Total wall thickness order of 0.01 nA, with an accumulated charge of 50—-100 nC.
(KV) (mg cmi 2 If calibrated separately from the ionization chamber, the
electrometer shall be calibrated by an ADCL, NIST or
40 3.0 . . -
50 40 NRCC and the correction factor applied as part of deriving
60 55 the corrected ion chamber readihg This correction factor
70 7.3 is generally close to 1.000 but occasionally can differ from
80 9.1 unity by as much as 5%. If the combination of electrometer
100 134 and ionization chamber is calibrated together as one device

no separate electrometer correction is nedded Pge=1).

D. Quality assurance of the dosimetry equipment and

. . x-ray tube
the calculated ranges of the most energetic electrons in poly-

ethylene based on continuous-slowing-down approximation Quality-assurance procedures shall be performed on all
(CSDA). The thickness of the needed plate or foils must beequipment used for the calibration. The major items are
determined by subtracting the window thickne$sr ex-  listed below:
ample, 2.5 mg/c) from _the total thickn_ess listed in Taple l. 1. lonization chamber
For low energy x rays with tube potential of 70 kV or higher, A ¢ toring th st f the ionizati
cylindrical chambers that satisfy the chamber response re- means ot monitoring e consistency ot the ionization
quirements described above can also be used chamber shall be established. This shall be carried out by
Measurements for medium-energy x raysbe potential two_orUmoref of tEe fl((allowmg procetljlurgs:go. This invol
100-300 kV are performed with the effective point of mea- . (I)d S€ of a chec soulrctg, usuha y SrIU: This ano ves a
surement of the chamber placed either at 2 cm depth in watdmed exposure accumulating charge or current measure-
(in cases where the dose at greater depths is of primary ir{pent. The tem.peratur.e and pressure corrected chamber read-
teres} or free in air(in cases where the surface dose is ofing shall remain consistent withitt2%. Care must be exer-

primary interest Cylindrical chambers that have a calibra- cised to ensure that the chamber is placed in the same
tion factor varying with the beam quality by less than 3%

position each time.
between 100 and 300 kV shall be used for reference dosim- (1) Redundant chambers: There shall be consistency, to

. i ithi 0, 1 i -
etry. If measurements are performed in water with a nonwa\-’v'thln 2%, in the measurement by using two or more cali

' : ted chambers.
terproof chamber and a waterproofing sleeve, approprlatgra... ) .
correction factors shall be applied depending on the sleev (iii) Use of another beam, such &Co: Establish the

: . - gaseline response of the chamber®€o and verify the
material and thicknessee Appendix B.2)3 Natural or syn- . . L
R bp g y (g]amber response is reproducible to within 0.2%. Account

thetic rubber sleeves shall not be used because their chara[ th q d f the chamb hich
teristics are unknown for kilovoltage x-ray beams. Care shal or the energy dependence of In€ chamber response, whic
shall be verified, in the determination of the baseline cham-

be taken that there is no talcum powder involved in water- t the KV radiati litv of int t Th
proofing the chamber, since talcum particles entering thgﬁr risponslgbat_ ef radl_a lon quality ot in erﬁs .Id be
cavity through the venting hole might dramatically changeC amber callbration 1or medium-energy X rays shou €

. . 0 . . . .
the chamber respon%%.‘l’he air gap between chamber and consistent V\_”th thé"Co calibration to W'th”.] 2%' .
sleeve shall not be larger than 0.2 mm. Cylindrical chambers The consistency of the response of the ionization chamber

have adequate thimble thickne&® mg cm 2 or more and shall be checked every time reference dosimetry is accom-

therefore do not require a buildup cap if measurements arB“She.dZ Th_e champer shall be checked for constancy before
done in air® submitting it for calibration to the standards laboratory and

There have been extensive studies on the correction fad€checked after it is received. The ion chamber shall be cali-

tors for the commonly used Farmer chamber types for th rated when first purchased, when repaired, when the con-
in-phantom measuremetft;1214-16:32Athough in this pro- stancy checks so demand, or once every 2 yr.

tocol correction factors are provided for some ionization
chambers onlysee Appendix B.2 )2 other cylindrical cham-
bers matching the above mentioned requirem@set, no The electrometer shall be checked along with the ioniza-
more than 3% variation of their calibration factor for me- tion chamber using the above procedures. In addition, an-

2. Electrometer

Medical Physics, Vol. 28, No. 6, June 2001



874 Ma et al.: AAPM’'s TG-61 protocol for kilovoltage x-ray beam dosimetry 874

other calibrated electrometer can be used with the same iori4sLe Il. (a) Some x-ray beams provided by NIST and the ADCLs for the
ization chamber and should give the same corrected readi and m series. The number part of the beam code represents the tube

L . tential in kV of the beam(b) Ranges of x-radiation qualities relevant to
to within 0.5%. If the electrometer has a timer feature,ys yrotocol provided by ',I}Réo g a

charge can be collected for a time interval to determine dose

rate. This dose rate shall be the same as that for the x-rdyp) First HVL H _

. . . . . omogeneity coeff.
machine timer setting when any end effect, if present, IS geam code (mm Al) (mm Cu (A)
accounted fosee below.

L40 0.50 0.59
L50 0.76 0.60
3. Tube potential of x-ray generator L80 1.83 0.57
} . o L100 2.77 0.57
Generally the tube potential will not vary significantly. M20 0.15 0.69
Consistency of the x-ray output shall be checked routinely. If ~ M30 0.36 0.65
it changes by more than 3%, the accuracy of settings of the M40 0.73 0.69
tube potential and filament, including the accuracy and lin- M50 1.02 0.66
. . . . M60 1.68 0.66
earity and end effect shall be investigafédhis shall also MBS0 507 0.67
be done as a check on an annual basis. M100 5.02 0.73
M120 6.79 0.77
M150 10.2 0.67 0.87
IV. AIR-KERMA CALIBRATION PROCEDURES M200 14.9 1.69 0.95
Implementation of this protocol involves the calibration M250 18.5 32 0.98
T . . . M300 22.0 5.3 1.00
of the ionization chamber in an appropriate x-ray beam in _
terms of air kerma free in air(;) in a standards lab refer- ® First HVL
ence beam quality. Suppose th@gt, is the air kerma at the  peak tube potential (mm Al) (mm Cu
reference point in air for a given beam quality akidthe
ding(corrected for temperature, pressure, recombination a0 0.09-2.15
reading p P » recombi , 50 0.09-3.74
polarity effect, and electrometer accura@f an ionization 60 0.09-4.89
chamber to be calibrated with its reference point at the same 70 0.10-5.86
point. The reference point for plane parallel chambers as well 80 0.10-6.72
as cylindrical chambers is at the center of the cavity. The 100 0.15-6.83
field size shall be large enough to provide uniform exposure 120 1.48-8.33 0.09-1.27
e ge gh 1o provid XPOsl 135 1.72-8.98 0.10-1.50
of the chamber sensitive volume. The air-kerma calibration 150 0.12-1.74
factor N for this chamber at the specified beam quality is 180 0.17-2.18
defined as: 200 0.21-2.45
250 0.40-3.49
N K air ! 300 0.53-4.57
The relation between the air kerma and the frequently used
exposure calibration factdyy is given by formed within the same series, e.g., only for the L series or
only for the M series. Table (b) summarizes beam-quality
Ny = NX(V—V) (1-9) ) ranges available at NRCC.
e/ ’ The ADCL, NIST, or NRCC may also provide a determi-

nation of the ion-collection efficiency during calibration.
However, because of the low dose rates used in standards
laboratories, this should be generally unity. lon-collection
efficiency is a measure of the fraction of charge measured by
the chamber versus the total charge released, and depends on
the dose rate and the collecting potential and geometry of the
chamber. For the implementation of the protocol, a corrected

dards, i.e., from an ADCL, NIST or NRCC, preferably for a reading(see Sec. V Cshall be used. The recombination cor-

number of x-ray beam qualities. Both tube potential ar]drecuon can be significant for the calibration of low energy

HVL shall be used to specify the air-kerma calibration factor.x_ray machines at source to surfacg distaf®8D) of a few

. cm where dose rates may be typically on the order of 10
Table (@) shows some of the x-ray beams as provided byG /min at the treatment distance
NIST; some ADCLs provide similar beams. Note that a cali- y '
bration or interpolation between HVLs might be inadequate,
For example, depending on the chamber’s energy deper¥' FORMALISM
dence, significant errors may occur if one attempts interpo- For low-energy x raystube potential less than or equal to
lation between lightly filteredL serie$ beams and medium 100 kV), reference dosimetry shall be performed free in air

filtered (M series beams. Interpolation may only be per- and a backscatter factor shall be used to account for the

where Wle),, has the value 33.97J/€0.876
X10 2Gy/R) for dry air as discussed earlier, €ig)
corrects for the effect of radiative lossésainly due to
bremsstrahlung emissiprby the secondary charged par-
ticles, andg is less than 0.1% for photons below 300 keV in
air.

Calibration factordNy shall be traceable to national stan-
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effect of the phantom scatter. For medium-energy x rays The measurement is performed at the point where dose at
(tube potential higher than 100 kMtwo different but mutu-  the phantom surface is requiréelg., the cone endif this is

ally consistent formalisms can be used. If the point of inter-not possible, the measurement shall be performed at a point
est is at the phantom surface,=0), the measurement as close as possible to the point of interest, and corrected to
shall be performed in air and a backscatter factor shall bebtain the dose there. To this end, an inverse square correc-
used to account for the effect of the phantom scattee  tion can be usedsee Sec. VC.)6

“in-air” method). If the point of interest is at a depth in

water, the measurement shall be performed at the referengg The in-phantom method: Absorbed dose to water

depth =2 cm) in a water phantom and a chamber depenat 2 cm depth in water for medium-energy x

dent correction factofand a waterproofing sheath correction rays (100 kV<tube potential <300kV)

it applicable s_haII. be "’?pp"?d to account for all dlfferer?ces This method requires placing a calibrated ionization
between the in-air calibration and the measurement in the

phantom(the “in-phantom’ method Chamber at a reference depth in a water phantom. If the
' reference depth is too small there may not be enough buildup

material in the upstream direction to cover the whole cham-
ber. If the reference depth is much larger than 2 cm, the
A. The in-air method: Absorbed dose to water at the ionization signal in the chamber may be too small. There-
surface for low- and medium-energy X rays fore, this protocol has adopted a reference depth of 2 cm.
(40kV<tube potential <300kV) Although the conversion and correction factors needed in the

To use the in-air calibration method for a low- and formalism are only slightly dependent on depth, the data pro-
medium-energy x-ray bealtube potential: 40-300 kiythe  vided in this protocol assume a reference depth of 2 cm.
reference depth for the determination of absorbed dose is at The absorbed dose to water at the 2 cm reference depth
the phantom surfacez(,=0). The absorbed dose to water at (z,,=2 cm) in water for a 1& 10 cnt field defined at 100
the phantom surface shall be determined according to cm SSD shall be determined using

(@) W Dw,z:2 cm— M NKPQ,chanPsheatE(Eenlp)\z:\vir]waterr (4)
p air

whereM is the chamber reading, with the center of the air
whereM is the free-in-air chamber reading, with the center

cavity of the chamber placed at the reference depth, cor-

. ) . o rected for temperature, pressure, ion recombination, the po-
of the sensitive air cavity of the ionization chamber placed
the measurement poing£=0), corrected for temperature,

a‘arity effect and electrometer accuracy, ag the air-kerma
. e : calibration factor for the given beam’s qualityee Eq.(1)].

pressure, ion recombination, polarity effect, and electromete 9 quality a(L)]

accuracy;Ng the air-kerma calibration factor for the given

ﬁqychamis the overall chamber correction factor that accounts
i . for the change in the chamber response due to the displace-
beam’s qualityB,, the backscatter factor which accounts for g b b
the effect of the phantom scatté®y,, 5the chamber stem

ment of water by the ionization chambéair cavity plus
: . . wall) and the presence of the chamber stem, the change in
correction factor accounting for the change in photon scattetrhe energy, and angular distribution of the photon beam in
fromttrze cha;mbgr stetm btf]tweer:] the ca_llbr?tl%n ar;d megsurﬁae phantom compared to that used for the calibration in air.
ment (mainly due 1o the change in held skean PsheathiS the correction for photon absorption and scattering

- w : .
[(men!p)airlair the ratio for water-to-air of the mean mass in the waterproofing sleevéf present and[ (Zzan/p)" Juser

energy-absorption coefiicients averaged over the mmde%e ratio for water-to-air of the mean mass energy-absorption

g:gtzg Sep(:%t rug. tzhe' ntémg)ncal \é@lues Ofdt.rr']e Aconvedr.s'o%oefficients, averaged over the photon spectrum at the refer-
rrection factors in Eq3) are discussed in Appendix ence point in water in the absence of the chamber. The nu-

B.1. . o . . merical values of the conversion and correction factors in Eq.
Pstem.airiS taken as unity if, for a given beam quality, the (4) are discussed in Appendix B.2.
e

same field size is used in the calibration and the measure-
ment. Otherwise, the guidelines in Sec. V C.7 shall be fol- ] ) ) o
lowed to establistP g 4 C. Other considerations in the calibration

The backscatter fadtcBW must include the effect of end Measurement
plates in close ended cones, if used, on the determination of The following points need to be considered in the calibra-
water kerma at the phantom surface. We have provided #ion measurement of kilovoltage x-ray beat@®nsult Ap-
table with multiplicative corrections to the open cone valuespendix C for detailed descriptions of the dose calibration
in Appendix B.1.2. measuremeint

It shall be remembered that E) yields the absorbed ) .
dose at the phantom surface under the conditions of chargeﬁ lon collection efficiency P on
particle equilibrium and in the absence of electron contami- To determine accurately the dose absorbed in the air in
nation from the primary bearti.e., assuming dosekerma, the ionization chamber cavity, the complete collection of the
see Appendix A.L This applies to open cones as well as toions formed by the radiation is required. Some of the ions
closed cones. For some practical guidelines to deal with eleaecombine with ions of the opposite charge on their way to
tron contamination in clinical beams see Sec. VIIC. the collection electrode and are not collected. Models have

DW,Z:O: M NKBWPstem,ai ) )

air
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been developed to estimate the true number of ions formetimer plot yields the end effect. The end efféttcan also be
from measurements made with two different voltatfeShe  derived using a mathematical equation described by Xttix
value is usually obtained by using the normal collecting volt- MoAt — M.At

age and half that voltage=>® Although, recent literature St=—2 1t 1772 7
suggests many small problems with this procedure, the re- M;—M,

cent AAPM TG51 protoc6P as well as this protocol have where M, and M, are the chamber readings for exposure
used the same procedures because the accuracy is expecfigge At; and At,, respectively. Coffe3 shows that the

to be better than 0.5% at normal chamber operating voltageshove two methods may give slightly different results as the
of 300 V or less>® For the procedure, 8¢y, be the normal  mathematical equation uses only two points, whereas the
collecting voltage for the detecta},, be the raw chamber graphical method uses the whole time range of clinical inter-
reading with bias/;, andMp,,, the raw chamber reading at est. To ensure the accuracy of the measured end effect, the
biasV, , whereV, /V<0.5.M[,, andM},, are to be mea- graphical method shall be used during the machine commis-
sured once the chamber readings have reached equilibriursioning and annual QA. The mathematical method may be
For continuous beams, the two-voltage approach yields  used for the monthly QA measurement.

1= V_L> 4. Electrometer correction  (Pegjec)
Pln Vi) = Meaw (Vi|? (5) The device used to read the signal from the ionization
Mt _(V_) chamber requires calibration as part of the instrument cali-
raw L

bration process. This calibration is performed at the ADCL
GenerallyP;,, is close to unity but care should be exercisedor NIST. At NRCC, electrometer and chamber are usually
when using small SSDs. If an ion chamber exhibits a correcealibrated together, as one instrumeRt,. represents the
tion factor P;,, greater than 1.05, the uncertainty becomescalibration factor for the reading device only.

unacceptably large and another ion chamber with a smaller

recombination effect shall be us&d. 5. Temperature —pressure correction P p

The calibration factor assigned by a standards laboratory
to an ionization chamber is based on the mass of(gas

Polarity effects depend on beam quality and cable arpresent in the volume. This mass varies with temperature and
rangement and shall be measured and corrected forPfhie  pressure when the chamber is open to the atmosphere. There-

2. Polarity correction P

factor can be deduced frofh fore, correction of the amount of charge collected in the
M* — M- chamber must be made to the reference temperaiygeis
P o= M (6) 22°C) and pressurgPe is 101.33 kPa760 mmHg]. The
2M raw correction required for the actual temperature and pressure is

whereM ., is the reading when positive charge is collected, P (T[°C]+273.2
M. is the reading when negative charge is collected, and PTP=? (T{°C]12732" (8)
M aw (One ofM 5, andM ) is the reading corresponding to e '
the charge collected for the reference dosimetry measure- . . S
ments(the same as used for the chamber calibratibmboth 6. /.n verse-square consideration for in-air

cases, the sign d¥l ,,, must be used and usualM ;,, and calibration with close-ended cones

M, have opposite signs unless the background is large. Because of the finite size of an ionization chamber it is
Adequate time must be left after changing the sign of theoften impossible to measure the air kerma directly at the

voltage so that the ion chamber’s reading has reached equione end. The inverse-square relation can be used to derive

librium. the air kerma value at the cone end using the measured value
at an extended distance provided the effective source posi-
3. End effect St tion is known. The effective source position is generally dif-

Th d effect is defined h 1 hat | ferent from the x-ray focal spot due to photon scattering in
e end effect is defined as the amount of time that is N, o q plate. The effective source position can be deter-

accoutr:ted f(ér Iby theTrﬂgchme t|me; mechanlslrr gu”ngbth%ined using measurements made at different distances with
x-ray beam delivery. This amount of time usually describesy,o gmajlest chamber available, and then extrapolating to
the time difference between when the timer mechanism starts, . jistance to the cone ehef Note that the® value

. stem,air

a_md when_ the desired mA and K¥6 achieved, or the finite may changelbecause of its field-size dependendemea-
time required for the shutter to move from the fully closed t0g rements are performed at different distances

the fully open position. A small end effe€0.5-3 3 may
play a significant role in the output calibration procedure
especially for the small dose ran@@ min or less treatment
duration). The end effect for an x-ray unit can be measured Pgep 4y accounts for the effect of the change in photon
using the graphical extrapolation method. The graphical soscatter from the chamber stem between the calibration in a
lution of zero exposure on an exposure versus exposurestandards laboratory and the in-air measurement in a user’s

7. Method for determination of P qem air
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beam. Pgem oir Should be measured by intercomparing the ref

chamber with unknowPe, .;with a reference chamber for (NKPsheatiPQ,chan)u:M_u(NKPsheatrPQ,chan)refa (10
which Pgem airis known. Letf,, be the field size for which the

beam needs to be calibrated afidthe field size for which

the chamber has been calibrated at the standards laboratory, .

The effective point of measurement of the chamber unde hereM, andM . represent the in-phantom chamber read-

study and that of the reference chamber should be placed a9 of the investigated chamber and the reference champer,
the same point in air. The stem correcti®en ) is respectively, both corrected for pressure, temperature, ion
determined from the equation: tem.alk u recombination, and electrometer accuracy, and the other

chamber dependent quantitiesl(,Pq cham Psheand for the
reference chamber are provided by the ADCL, NIST, or

M(fc) Mped(fu) NRCC, and from this protocol.
Pstem,ai(fu): M(fZ) % Pstem,air,re“u)v 9

whereM(f.) andM(f,) represent corrected meter readings

for the chamber under studi o(f;) andM (f,) the cor-

rected meter readings for the reference chamber. The fiel@. Consistency between the in-air method and the in-

size can be changed either by changing the cone and keepiR§antom method

the chambers at the same position in space or by measuring pepth-dose curves for kilovoltage x-ray beams are diffi-
at several source—chamber distances using a single cone. TR\t 1o measuréand therefore less accuratspecially near
requirements for the reference chamber are the same as fqfe surface. Thus, the determination of the dose on or close
mulated for the dosimeters used for reference dosimetry, the surface might be less reliable using the in-phantom
(Sec. IIlB). However, note that thélk value for the refer-  method compared to the in-air method. If the point of interest
ence chamber used for the measuremerR @l 5;yd0€s NOt s near the surface, the method of choice for calibration for
need to be known as long as it has been established that the therapeutic use of kilovoltage x rays is the in-air method.
response variation satisfies the requirements formulated iy the other hand, in instances where an accurate dose de-
Sec. IlIB. It is suggested that a Farmer type cylindricaltermination at a depth of 2-3 cm is critical, the point of
chamber with flat response be used as a reference chamigferest is at a depth and the in-phantom method shall be
for the measurement d¥ienm,q;yOf another chamber since it ysed. For example, in many animal radiology experiments
has been established that its stem effect varies by less thgfity jarge animals such as dogs, pigs, etc., the point of in-
19" Itis important that, under all circumstances, the senerest is at a depth of several centimeters beneath the skin.
sitive volumes of the chamber under study as well as thgpe in-phantom method in these cases can provide a more
reference chamber for the measuremenPQgny airbe well  accurate assessment of the dose because the depth-dose

covered by the radiation beam: the beam diameter shoulglryes are more consistent when normalized at 2 cm depth
typically be 50% larger than the sensitive diameter of thegiher than at the surface.

chamber. In any case, because of the overlap in methodology in the
medium-energy x-ray range, the consistency of the data sets
must be ensured. The consistency of using either the in-air or
in-phantom method for medium-energy x rays using the data
sets in this protocol has been investigaté@he procedures

For a chamber not listed in Appendix B.2.2 the chamberfor the measurement of the central-axis depth-dose curves,
shall be intercompared in-phantom, in the beam of interestwhich serve as a link between the dose at the reference depth
with one of the listed chamber types. To this end, both theo the dose elsewhere in a phantom, were examined. Depth-
investigated chamber and the reference chamber with knowdlependent correction factors were calculated using the
air-kerma calibration factor and correction factors should beMonte Carlo method for two types of detectors involved in
exposed in-phantom. Irradiation of the investigated chambethe measurement of the relative depth-dose curves. Although
should be preceded and followed by the irradiation of thethe two selected detectors differed significantly in their en-
reference chamber at each radiation quality for which a caliergy responses, after correction, the measured depth-dose
bration factor is needed, so as to ensure machine stability armirves for both detectors agreed to within 1.3%lsing the
positioning reproducibility of the chambers. The point of corrected depth-dose curves to relate the dose at depth to the
measurement of both the chamber to be investigated as walbse at the surface, and using the data adopted in this proto-
as the reference chamber should be placed at the same refl, the consistency between the two methods was within 1%
erence depth. All measurements should be normalized to far a 100 kV(2.43 mm A) beam and within 0.5% for a 300
monitor chamber reading placed in a position where it doe&V (3.67 mm Cuy beam. It was concluded that the accuracy
not affect the reading of the reference chamber or the chanof the depth-dose measurement was essential to the consis-
ber under studyfor example, in the phantom downstream in tency study. The response of a detector needs to be known
the corner of the field The overall calibration and correction accurately before it can be used for depth-dose measure-
factor for the investigated chamber can be calculated usingments.

8. Method for in-phantom calibration of chambers
not listed in this protocol
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VI. GUIDELINES FOR DOSIMETRY IN OTHER 300 : :
PHANTOM MATERIALS

This protocol describes methods to determine dose to wa- 250 | © ]
ter at a 2 cmdepth in water or at the surface of a water <
phantom according to the preferred calibration procedure. =< 200 1
However, for clinical radiotherapy and radiobiology, the £ ° ©
dose to biological tissues dor neajy the irradiated surface is % 150 o S0o8° 508 0O @O
of interest. o © 88 00 0 ofm O

The surface dose for other materiéghsed can be calcu- 13 100 oo @o
lated from =

50
Dmed,z=0= Cwe(bw,z=0 (11) 9
0 I 1 L 1 1 L
with the conversion factor from dose-to-water to dose-to- c 2 4 6 8 10 12 14
medium given by HVL (mm Al)
350 -
B o me
CvTed:%j (ﬂ) 7 ) (12 300 | e} ao @O 04
w P lw air = o
< e}
X L

where[(Een/p)\,”V‘ed]air represents the ratio of mass energy- ?—!f 250 © O%@O@C@mwé) o0
absorption coefficients medium to water averaged over the g 200 [ o © o
primary photon spectrum free in air, ai,.q/B,, the ratio E 0@
of kerma based backscatter factors medium to water. This @ .. 9,
means that multiplication oD, ,_o using the procedures 2 @ O
described in this protocol wite™* directly gives the dose at 100 Sg)oo ]
the surface of a phantom of material med. The numerical
values for the factors in Eq12) can be found in Appendix 50 , . ‘ ,
B.3. 0 1 2 3 4 5

HVL (mm Cu)
VIl. GUIDELINES FOR RELATIVE DOSIMETRY AT
OTHER POINTS IN WATER

Fic. 2. Relation between tube potential and reported HVL values
for low- and medium-energy beams as reported by North American clinics

A. Characteristics of clinical beams (see Ref. 1

Prior to the development of this protocol a survey on the

statlu f of clinical _kllovqltage x-ray_d03|metry was carried the reference depth,s and the measured percentage depth
out.” In the questionnaire, information was requested on the

i o A PDD .Th f PDD -
tube potential and HVL for the radiation qualities in clinical dose( ) curves. The measurement o and dose pro

) . . files is difficult in kilovol X-T ms. Soli r
use. Figure 2 shows the relation between tube potential an es is difficult ovoltage x-ray beams. Solid detectors,

. ., attractive because of the small size of their sensitive volume
half value layer as reported by the participants. The wide . ' -
range of HVL values for the same tube potential reflects th(i:-(O“O(je detector, TLD, filny usually show significant beam-
diffgrences in target material and an Iep exit window mate_quality dependence and/or large experimental uncertainties.
. . 9 . gie, & . Well-designed cylindrical chambers have nearly constant en-
rial and thickness, monitor chamber material and thickness

L o : . ergy response for tube potentials between 40 and 300 kV and
an?:lj?tie\:/?rili;g?nsa\t/\ilgrr\l f'(')tr:att'ﬁg Tﬁ;gie&:gilcgp ecslfr;ical are suitable for in-phantom measurements. However, the
. . measurement depth is limited to no less than the outer radius
beams can be found in Jennings and Harf3dar x-ray
- . . of the chamber. Parallel-plate chambers have been used for
qualities with HVL less than 0.5 mm Cu, and by Smith and .
) measurements at smaller depths. Those chambers designed
Sutherland for HVL of 0.5 mm Cu and higher. Also the . . .

. . 16  for electron beams usually have a calibration factor varying
papers by Scrimger and Conndpsiroomand-Rackt al., ith b lity by 20%—40% in Kilovol Si
Gerig et al,*” Kurup and Glasgo/® Aukett et al*® and Li with beam quality by 20%-40% in kilovoltage X rays. Sig-
ot 513350 req ort on tvpical charactéristics of cliﬁical beams nificant corrections with depth may be required for the PDD
This. materFi)aI has yglso been reviewed in BJR Su Ie‘_measurement with these chambers. Specifically designed thin

51 PPI€vindow chambers for low-energy x rays usually have a flat

ment 257 L .
energy response in air but not at a depth in a phantom. For
instance, variations in chamber response of more than 10%
have been observed for the Capintec PS-033 chambers.
Thus, a depth-dependent correction factor may be required

The absorbed dose to water at other points in a watefor these chambers to be used in the PDD measurement.
phantom can be derived from the measured dose values Btrthermore, the depth dependence of the conversion factor

B. Recommendations for relative dose measurements
in water
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(from the measured ionization to absorbed dasay intro- and should not be ignored. Hence, the ionization chamber
duce additional uncertainties in the measured percentageindow thickness used in surface dose determination dis-
depth-dose curve€:? cussed above becomes an important issue radiobiologically
Although the information on suitable detectors for relativeas well as dosimetrically. The consideration of the high sur-
x-ray dosimetry is far from comprehensive, some work haface dose may be even more important in intracavitary and
been performed recently to evaluate specific detector typeistraoperative radiotherapy®*in that the irradiated epithe-
for their suitability to measure depth-dose curves in kilovolt-lial linings and tissues do not have the insensitive outer lay-
age x-ray beam¥ As a general requirement to evaluate theers for protection and any enhanced dose is now given to
suitability of a specific detector, the relative response free iniving cells. To minimize potential radiation overdose to su-
air as well as in-phantom should be compared with a welperficial tissues within the treatment field it has been
behavedSec. Il B) cylindrical chamber at depths where rea- suggestet®® that this increase in surface dose can be re-
sonable measurements with the cylindrical chamber can beguced clinically by:(1) increasing the distance from the ap-
performed. Diamond detectors and the NACP plane parallgblicator cone to the patient surfag®) inserting an equilib-
chamber have been found to require relatively small depthium thickness of low-Z absorber between the applicator
dependent corrections in medium-energy x-ray bé&iial-  cone and the patient surface, ai® covering the lead-lined
though one should investigate the specific device in terms oépplicator walls with low-Z material of sufficient thickness
meeting the requirements for accurate relative measurae achieve equilibrium. Alternatively, the user can measure
ments> Diode detectors are not suitable for relative dosim-the extent of the dose enhancement region, if present, by
etry in this photon energy range. performing measurements with a thin window chamber using
If a suitable detector for relative dosimetry cannot beplates with thicknesses that provide incomplete buildup, rela-
identified in the clinic the data from the British Journal of tive to the full buildup situation under which the chamber
Radiology Supplement 25shall be used. was calibrated. However, little has been reported in the lit-
erature on the factors needed to convert the measured ioniza-
tion to the dose near the skin surface.
A significant low-energy x-ray dosimetry problem also
This paper deals with the determination of the absoluteexists at the interface between two dissimilar materials, e.g.,
dose at the reference depth) under the conditions of full  soft tissue and high-Z materials. For example, in some clini-
charge particle equilibrium, i.e., the dose value is equivalental situations, such as treatment of the lip, buccal mucosa,
to the kerma valuésee Appendix A This requires that cali- and eyelid lesions, internal shielding is useful to protect the
brations and measurements be made using a chamber havihgalthy structures beyond the target volume. Lead or some
enough buildup so that it indeed measures kerma. It is pamwther high-Z material may be used to reduce the transmitted
ticularly important for the in-air method that the chamberdose to an acceptable level. However, backscattered elec-
signal is not affected by the contaminating electrons genertrons and photons from the high-Z absorber material will
ated in air and on the inside surface of the treatment coneenhance the dose to the surrounding tissues in the immediate
The presence and specific magnitude of this electron convicinity upstream to the shield.
tamination, measured as increased surface dose, depends orSpier§® describes early work on a second, particularly
the HVL of the x-ray beam, the size of the treatment conedifficult situation in clinical dosimetry presented by soft
and the buildup of the chambée.g., the window thickness tissue/bone transition zones encountered with low-energy x
of a parallel-plate chambemused in the dose determina- rays. The changes in dose which occur at these interface
tions. >°®21t has been further showh®? that this enhanced transition zones are difficult to measure and quantify due to
surface dose depends strongly on the material from whiclthe difficulties associated with microscopic distances and the
the treatment cone is fabricated with up to a five-foldavailability of proper dosimetry systems. Saunders and
increase in relative surface dose with lead lined treatPeter§’ reported this dose enhancement effect for 280 kV
ment cones (2.0 cm diameter and HWE3.0mmCy.  orthovoltage x rays. They reported a dose enhancement fac-
Klevenhageff reported that the relative surface dose alsotor of approximately three near a polystyrene/lead interface,
changes across the radiation field with the greatest enhancéar x rays of 1.7 mm Cu HVL. Wingatet al®® reported a
dose being in the periphery of the treatment field near thd.5-2.2-fold increase in absorbed dose at a one micron dis-
edge of the applicator. tance upstream from a soft tissue/glass interface for superfi-
In terms of clinical radiation effects, the dose measured atial and orthovoltage x rays. The dose enhancement fell to a
the actual surface of the skin would have little meaning befactor of 1.2 at a distance of &m from the interface bound-
cause of the insensitivity of the most superficial skin layersary. Da$® reported an up to 20-fold localized dose enhance-
However, this reported effect may have clinical ramificationsment created by the high-Z interface in kilovolta@®—240
depending on the depth of the radiosensitive dermal and epkV) x-ray beams. Dast al.”° reviewed kilovoltage x-ray do-
dermal layers of the overlaying skin tissues. Epidermal thicksimetry at high-Z interfaces.
nesses have been repoftétb be 4.7, 6.6 and 40.6 mg/ém As with the consideration of enhanced surface dose due to
on the body trunk, the arms and legs, and the fingertipsgphotoelectron contamination, the increased dose due to sec-
respectively. Thus the enhanced radiation dose from electroondary scattered electrons and backscattered photons at the
contamination to the epidermis may be clinically relevantinterfaces between soft tissue and high-Z materials may have

C. Electron contamination of clinical beams
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TaBLE lll. Estimated combined standard uncertaiityo) in D, at the reference depth in kilovoltage x ray
beams using a chamber calibrated in-air in terms of air kerma.

Uncertainty

Type of quantity or procedure (%)
In-air method(for low and medium energigs
1 N from standards laboratory or ADCL 0.7
2 Effect of beam-quality difference between calibration and 2.0
measurement
3 Backscatter factoB,, 15
4 Pstem,air 1.0
5 [(Fen/p)\;vi?te']air 15
6 In-air measurement in the user’'s beam 15
Combined standard uncertainty D, ,_o 35
7 Conversion to dose to tissue at the phantom surface 1.0
Combined standard uncertainty fDfisge,- o 3.6
8 Determination of dose at other points in water 3.0
Combined standard uncertainty fDr, , 4.7
In-phantom methodfor medium energies only
1 N from standards laboratory or ADCL 0.7
2 Effect of beam-quality difference between calibration and 2.0
measurement
3 Chamber correction fact®q cham 15
4 Chamber waterproofing sheath correction fa®g{ean 0.5
5 [(ﬁenlp)‘gi?tel]waler 15
6 In-water measurement in the user’'s beam 2.0
Combined standard uncertainty @, ,—» ¢m 3.6
7 Determination of dose at other points in water 3.0
Combined standard uncertainty @, , 4.7

clinical ramifications depending on the total dose prescribedi) uncertainties in the air-kerma calibration chain,
and the radiosensitivity of the surrounding normal tissues. Agii)  uncertainties in determining absorbed dose to water at

suggested by Khdh for clinical electron beams, one could the reference depth in water,

limit the dose from secondary radiation by coating the up<iii) uncertainties in determining absorbed dose at other
stream side of the high-Z absorber with an adequate thick- points in water, and

ness low-Z material, i.e., paraffin or other bolus-like material(iv)  uncertainties associated with the transfer of the dose
or aluminum. to other biological tissues.

The difference in the uncertainty between the in-air and the
in-water measuremeiitable Ill, item 6 is mainly due to the
uncertainty in the depth determination. The 1% uncertainty
The final uncertainty in the absorbed dose, which can bén the air-to-tissue dose conversion for the in-air measure-
delivered to the tumor in a clinical situation, should be betterment(Table I, item 7 is mainly due to the uncertainty in
than +5%." This final uncertainty comprises several com-the backscatter factor ratio in E¢L2).
ponents. The first part occurs as a result of uncertainties in
the calibration chain linking the calibration of the clinical
beam to the standards laboratdsuch asNy factor, uncer- IX. FUTURE CONSIDERATIONS
tainties in conversion and correction factors, beam-quality The main task of this protocol is to provide recommenda-
specification uncertainties The second part is associated tions for the determination of absorbed dose to water at the
with clinical uncertainties in treatment planning dose calcu-surface or at 2 cm depth in a water phantom irradiated by
lation, patient setup, immobilization, and treatment. The un40-300 kV x-ray beams under the reference conditions.
certainty discussion here deals only with the former compoGuidelines are also provided for the determination of ab-
nent of the final uncertainty, i.e., the calibration of the sorbed dose to other biological materials on the surface of a
clinical beam in terms of the desired quantiiose to water human body and the relative measurement of dose to water
or dose to tissye Table Ill lists the several components con- at other points in a water phantom for kilovoltage x-ray
tributing to the final uncertainty including type A and type B beams. However, many other clinically related issues, such
uncertainties. For a classification of uncertainties we refer t@s those listed below, have not been addressed in this proto-
Ref. 8. Consistent with the procedures followed in this re-col. The following is a brief list of issues, which require
port, generally four sources of uncertainties can be considfurther investigation and may be addressed in a future
ered: AAPM report:

VIII. EVALUATION OF UNCERTAINTIES
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(@ determination of absorbed dose to biological tissues abetween the calibration beam and the users beam due to the
a depth in a human body; difference in field size between the two beams. This mea-

(b) determination of dose to water using solid phantoms; sured air kerma can be converted to water kerma, free in air,

(c) dosimetry for endocavitary radiotheragghe Papillon through the ratio of mean mass energy-transfer coefficients

technique; for water to air[(uy/p)alair, €valuated over the photon
(d) dosimetry for kilovoltage x-ray radiosurgery systems; fluence spectrum free in air, in the absence of a phantom. We
(e) biological effect of electron contamination; then have
(f) biological effect of photon and electron backscattering o

at tissue/high-Z material interface; and Kw '=MNPsiem.at (o) airlair - (A.2)
(g) relative biological effectivenes@RBE) of kilovoltage o

x-ray beams. Physically,K\; 2" represents water kerma to a small mass of

water, just large enough to provide full electron buildup, but
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water kerma at the surface of a water phantdg can be

We would like to thank the AAPM Radiation Therapy calculated using the following relationship:
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kerma free in air. GenerallyB,, is field size, beam quality
APPENDIX A. THEORETICAL BASIS FOR A CODE and SSD dependent.

BASED ON AIR-KERMA CALIBRATIONS The absorbed dose to watBx, at the water surface can

For kilovoltage x-ray beams, the absorbed dose to water i8€ approximated biK,, with the assumption of the existence
usually determined with an ionization chamber calibrated irof charged particle equilibrium and the negligible difference
air in terms of air kermaor exposurg The commonly used between kerma and collision kerrtige., assuming &/ p) i
ionization chambers are generally considered to be “photoi@auals feen/p) ). For this energy range, these assumptions
detectors” as the well-known Bragg—Gray cavity theory noare justified.(Strictly speaking, this approximation is only
longer applies to this energy ranffe. valid for depths beyond the range of the contaminant elec-

In order to determine the dose to water, we start with arfrons and where quasi charged-particle equilibrium has been
air-kerma measurement and then convert it to water kermgstablished.We then arrive at
using the ratio of the mean mass energy-absorption coeffi-
cients for water to air, evaluated for the fluence spectrum at Dw=M - NkPgiem aBul (en/ p)airlair» (A.4)
the position of interedffree in air or at the reference depth in _ w
wated. The conversion from water kerma to dose to water isVNerel(#en/p)airlair can be calculated from
fairly straightforward based on the fact that, for this energy
range, the difference between kerma and collision kerma is fE"‘aX(@(E)) Edfee-aig)dE
negligible and the range of the charged particles is small, so [ g\ " p .
that the quasi charged particle equilibrium can be assumed. (7) } T Ema Lo _ '

This is generally true for kilovoltage x-ray beams. aird air fo (T(E)) Edee i E)dE
A.1. Low-energy x rays (40 kV=<tube potential o (A.5)
<100kV)

w

. where ®[*®-3{E) represents the photon fluence spectrum,
For low-energy x ray(<100 kV), the measurement is differential in energyE, of the incident x-ray beam at the

carried out with an ionization chamber free in air, in the ~ . . — w o
absence of any phantoms. The chamber is calibrated in tern?somt of interest. Note thali( en/p) ailair IS independentf

of air kerma at a radiation quality sufficiently close to what is iéld size as it is evaluated over the primary beam dnly.
present in the user’'s beam. The air kerma at the point of
interest in a user’'s beam is given by:
A.2. Medium-energy x rays (100 kV<tube potential
Kin—air: M NKPstem,ain (A'l) <300 kV)

air
For medium-energy x-ray beanisibe potential 100—300
where M represents the corrected, free-in-air, ionizationkV, HVL: 0.1-4 mm Cuy, two different algorithms have
chamber reading in the user’s beam of the same beam qualibeen recommended by previous dosimetry protocols. For
and field size as those in the calibratidwy the air-kerma  “the in-air method,” the air kerma is measured in air and
calibration factor at the user's beam quality, aPgenra2  then converted to dose to water through the ratio of mass
correction factor accounting for the difference in stem effectenergy-absorption coefficient for water to air and a backscat-
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ter factor. For “the in-phantom method,” the air kerma at  For the in-phantom measurement, use is made of a cham-
the reference depift¥ 5 cm according to ICR&and IAEAS) ber, calibrated free in air in terms of air kerma at a radiation
in water is measured under the reference conditions and thequality the same as or sufficiently close to that being used to
converted to the absorbed dose at the depth of the center wfadiate the phantom. This chamber is placed at the refer-
the chamber in undisturbed water using the ratio of masence depthz. in a full water phantom irradiated with a
energy-absorption coefficient for water to air and otherreference field of medium-energy x rays. Due to phantom
beam-quality- and chamber-related correction factors. attenuation and scattering, the photon spectral and angular
The reason for the ICRUprotocol to adopt the “in- distribution is different from that free in air at which the
phantom” measurement at 5 cm depth for medium-energghamber is calibrated. Therefore, the calibration fadtgr,
x-ray beams results from the fact that it is difficult to makewhich applies to the primary radiation, does not necessarily
accurate measurements in the regions at or close to the suapply to the situation in the phantom. A correction factor
face of a phantom, and the dose distribution here, unlike aPg ¢ is introduced to account for the change in calibration
greater depths, is considerably affected by the details of théactor caused by the change in photon eneéEgynd angular
beam defining systemThis was considered to be the reason ¢ distribution. The combined effect of the chamber stem
that the British Journal of Radiology Supplement“dave free-in-air and in-phantom is usually accounted for sepa-
two distinct sets of depth—dose tables for “close-ended” ap+ately using an overall correction fact®em water
plicators and “open diaphragms,” respectively. ICRU Re- Similarly we introduce the waterproofing sheath correc-
port 23 suggested that by normalizing the depth—dosdion factorPgpeqn, Which accounts for the effect of the plas-
curves at a depth rather than at the surface the differences ii¢ sheath to protect a nonwaterproof chamber when used in
the recommended depth—dose curves would be virtuallyater?® Furthermore, by inserting the chamber in the phan-
eliminated. The dose values at greater depths were of clinicdbm, an amount of water is displaced by the air cavity and
importance as medium-energy x-ray beams were primarilghe chamber wallgthe volume is equivalent to the outer
used for treating deep-seated tumors in the 1§70s. dimensions of the chamber, excluding the stem since the
Although most of the dosimetry protocols published sinceeffect of the stem, if present, has been accounted for sepa-
the 1970s adopted the in-phantom method for reference ddately). An additional correction factoP s is then required
simetry for medium-energy x-ray beams, the backscatteto account for the change in air kerma at the point of mea
method is the most used method for this energy range in theurement due to the displacement of water by the
clinical radiotherapy community, especially in North chamber!® _
Americal? This may be explained by the fact that orthovolt-  The air kerma at the reference deptly, K& "', can be
age beams are used mainly for treating tumors close to thealculated by
surface of the skin. The primary point of interest is the dose

near the surface rather than at greater depths. Another reason Kg},‘wa‘e’= M Nk - Pg 4 Pstem.water PdisPsheath (A.6)
is that it is more convenient to do routine calibration free in
air than in a water phantof. whereM is the chamber reading corrected for temperature,

It is realized that the dosimeter response to kilovoltagePressure, polarity effect, and electrometer accuracy, in the
x-ray beams has not been fully investigated, especially wheHsSer's beam at depth in the water phantom. We now
placed in a phantom near the surface. The uncertainty in thi@troduce the overall correction fact®¥q cnam Which incor-
percentage depth dose measurement can be very large n@@rates all “beam-qualityQ and chamber(cham depen-
the phantom surface, depending on the dosimeters (ssed dent” corrections mentioned above, except for the sheath
Sec. ll1B). It is therefore clear that if the primary point of COrrectionPgpeansince it is not directly related to the indi-
interest is at the phantom surface the in-air method shall béidual chamber typePq cnamis defined as
used with the reference depth at the phantom surface in order
to reduce the uncertainty in the measured dose. On the other Pq,chan™ Pe,o° Pstem watet Pais- (A7)
hand, if one is more interested in the dose at a défuth

check the dose at the critical orgatisan at the surface, “the Air kerma in water, measured as described above, is con-

in-phantom method” shall be used with the reference deptﬁ'er.te‘j to water k.emfl' usipg mass energy-ransfer coefficient
at 2 cm depth. Better agreement in measured percentaggt'oS water to airf (uy/ p)ai'r]water.averaggd over the pho'Fon
depth dose curves at depths of 1 cm and greater can l%ence spectrum at the pqmt of interest in the phantom in the
achieved when normalized to the values at 2 cm referenc8?S€NC€ of the chamber, i.e.,

depth than normalized to the surface values. In addition, a — W
measurement at 2 cm depth provides more signal than one at K= Ki;ir—wate{ (ﬂ)
5 cm. These are the main reasons why 2 cm has been chosen P
here.

When the in-air method is used, the measurement is peffhe absorbed dose to watér, at the reference depth in
formed with the chamber free in air and the dose to water aivater can be approximated By, with the assumption of the
the phantom surface can be calculated from Bcg). Other  existence of quasicharged particle equilibrium and the negli-
reference conditions are the same as described in the pre\gible difference between kerma and collision kerma. We
ous section. then have

(A.8)

airl water
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D.~K.=M-N.-P P Tl o)W (A9 TasLE IV. Ratios of average mass energy-absorption coefficients water to
wew k" PQ,chami Psheath(#en/ P)airlwater-  (A-9) air, free in air, to convert air kerma to water kerma as a function of HVL

. (mm Al) or HVL (mm Cu. The values given are from a global fit to data
As stated abovePQ,Cham carries the complete chamber de- from Seuntjen®t al. (Ref. 28, the IPEMB(Ref. 18 code of practice, and

pendence in the correction procedure except for the sheathym Ma and SeuntjengRef. 35.
correction, whereab(en/ p) airlwater iS @ chamber indepen-

dent conversion factor. However, both factors are field-size First HVL
and depth dependent. (mm Al (mm Cu [ (en! P) o) air
0.03 1.047
APPENDIX B. DETAILS ON CONVERSION AND oo Loae
CORRECTION FACTORS 0.06 1046
This Appendix contains the numerical data and proce- 8'(1)3 1'822
dures necessary to apply the expressions based on in-air 012 1043
measurements for low-energy and medium-energy x-ray do- 0.15 1.041
simetry and for the in-phantom measurements at medium 0.2 1.039
energies. 0.3 1.035
0.4 1.031
B.1. The in-air method for low- and medium-energy 0.5 1.028
X rays 0.6 1.026
0.8 1.022
B.1.1. In-air mass energy-absorption coefficient 1.0 1.020
) — 1.2 1.018
ratio [(gren! p) girlaic 15 1.017
Table IV gives the values of the in-air mass energy- 2.0 1.018
i o ; . 3.0 1.021
absorption coefficient ratios applicable to the low-energy kV 40 1.025
x-ray range as a function of HVL in Al and to the medium- 50 1.029
energy range as a function of HVL in mm Al and Cu. The 6.0 1.034
values given are from a global fit to data from Seuntjens 8.0 1.045
et al,?® the 1PEMB®® code of practice, and from Ma and 01 1.020
Seuntjens?® For simplicity, only HVL is used to specify the g'g 1'852
beam quality. One should therefore keep in mind that the 04 1043
uncertainty on this quantity is no better thari.5%. All the 0.5 1.050
sources are based on the interaction data published by 0.6 1.056
Hubbell*® which are consistent with the more recent data by 08 1.068
Hubbell and Seltzéf® for kilovoltage beams. 1(5) i'ggg
2.0 1.089
3.0 1.100
B.1.2. Backscatter factor B, 4.0 1.106
5.0 1.109

For tube potentials 40—300 kV, the values of the water-
kerma based backscatter facRy are given in Tables (&)
and Mb) as a function of SSD, field size, and HWImm Al
for low-energy x rays, and mm Cu for medium-energy x
rays. The values are from Grosswerdt and have been g ;3 chamber stem correction factor P
independently checked using the experimental data from
Klevenhagef® and the Monte Carlo data from Knight and Pstem,air @Ccounts for the effect of the change in photon
Nahum?? Note the large dependence of the backscatter facscatter from the chamber stem between the calibration in a
tors on field size in the medium-energy x-ray range. Forstandards laboratory and the measurement in a user’'s beam.
short SSD(= 10 cm), backscatter factors have been givenThe effect of photon scattering from the chamber stem has
for beam qualities up to 4 mm Al HVL. Since the backscatterbeen included in the calibration facthl for the beam qual-
factor is fundamentally a water—kerma ratio, reliable meaity and photon field used in the calibration. When the user’s
surements are nontrivial. Therefore, for the application ofbeam quality and field size match those used in the calibra-
this protocol, backscatter factors should not be measured ition, no correction is required for the chamber stem effect.
the clinic. However, if the user’s field size is different from that used in

The backscatter factors from Table V apply to open-endedhe calibration the stem effect correction may be significant.
collimators. Close-ended applicators require slightly higheThe stem effect correction is well within 1% for Farmer type
backscatter factors because of scattering in the end plateylindrical chambers® if the field size (diametey differs
Table VI shows the multiplicative correction factors to be by less than 50% for field sizes greater than 5 cm diameter.
applied to the open field values for medium-energy x rays foNo stem corrections are needed for these chambiers
close-ended cones with a PMMA end plate of 3.2 fim. Pstem,ai= 1) provided the chamber response variation satis-

stem,air
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TaBLE V. Water kerma based backscatter factBysfor a water phantom as a function of field diametéy, radiation quality(HVL), and source surface
distance(SSD between(a) 1.5 and 10 cm an¢b) 10 and 100 cm for open-ended cones. The values are from GrossiRafdt 37 and 3Band have been
independently checked using the experimental data from Klevenh@&gfn39 and the Monte Carlo data from Knight and NahdRref. 22.

(@
SSD d
(cm) (cm)

HVL (mm Al)

0.04 0.05 0.06 0.08 0.1 0.12

0.15 0.2 0.3 0.4 0.5 0.6 0.8

1.0 1.2 15 2.0 3.0 4.0

15 1
2

3

5

10

15

20

3 1
2

3

5

10

15

20

5 1
2

3

5

10

15

20

7 1
2

3

5

10

15

20

10 1

(b)
SSD d

1.001 1.005 1.009 1.012 1.014 1.016
1.008 1.009 1.011 1.014 1.018 1.020
1.008 1.009 1.011 1.014 1.018 1.021
1.008 1.009 1.011 1.014 1.018 1.021
1.008 1.009 1.011 1.014 1.018 1.021
1.008 1.009 1.011 1.014 1.018 1.021
1.008 1.009 1.011 1.014 1.018 1.021

1.007 1.008 1.010 1.012 1.014 1.016
1.008 1.009 1.011 1.014 1.018 1.021
1.008 1.009 1.011 1.014 1.018 1.021
1.008 1.009 1.011 1.014 1.018 1.022
1.008 1.009 1.011 1.014 1.018 1.022
1.008 1.009 1.011 1.014 1.018 1.022
1.008 1.009 1.011 1.014 1.018 1.022

1.007 1.008 1.009 1.012 1.014 1.016
1.007 1.009 1.011 1.014 1.018 1.022
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023

1.006 1.007 1.008 1.011 1.014 1.016
1.007 1.008 1.010 1.014 1.018 1.022
1.007 1.008 1.010 1.014 1.019 1.023
1.007 1.008 1.010 1.014 1.019 1.023
1.007 1.008 1.010 1.014 1.019 1.023
1.007 1.008 1.010 1.014 1.019 1.023
1.007 1.008 1.010 1.014 1.019 1.023

1.006 1.007 1.009 1.012 1.014 1.016
1.007 1.009 1.011 1.014 1.018 1.022
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023
1.007 1.009 1.011 1.015 1.019 1.023

1.018 1.021 1.027 1.032 1.035 1.038 1.042
1.023 1.028 1.037 1.045 1.051 1.056 1.065
1.024 1.029 1.039 1.049 1.055 1.061 1.071
1.024 1.029 1.040 1.050 1.057 1.064 1.075
1.024 1.029 1.041 1.051 1.058 1.065 1.076
1.024 1.029 1.041 1.051 1.058 1.065 1.076
1.024 1.029 1.041 1.051 1.058 1.065 1.076

1.018 1.021 1.027 1.032 1.035 1.038 1.043
1.024 1.029 1.040 1.049 1.055 1.061 1.070
1.025 1.031 1.044 1.056 1.063 1.071 1.083
1.026 1.033 1.048 1.061 1.069 1.078 1.093
1.026 1.033 1.048 1.061 1.071 1.081 1.098
1.026 1.033 1.048 1.061 1.071 1.081 1.098
1.026 1.033 1.048 1.061 1.071 1.081 1.098

1.018 1.021 1.027 1.033 1.036 1.039 1.043
1.025 1.030 1.041 1.051 1.057 1.063 1.073
1.027 1.033 1.046 1.058 1.066 1.075 1.088
1.027 1.035 1.050 1.064 1.074 1.085 1.102
1.027 1.035 1.051 1.066 1.078 1.090 1.111
1.027 1.035 1.051 1.066 1.078 1.090 1.112
1.027 1.035 1.051 1.066 1.078 1.090 1.112

1.018 1.021 1.027 1.033 1.035 1.038 1.043
1.025 1.031 1.042 1.052 1.058 1.065 1.075
1.027 1.034 1.048 1.060 1.068 1.076 1.090
1.027 1.035 1.051 1.066 1.076 1.087 1.106
1.028 1.036 1.053 1.069 1.081 1.093 1.116
1.028 1.036 1.053 1.069 1.081 1.094 1.118
1.028 1.036 1.053 1.069 1.081 1.094 1.118

1.018 1.022 1.028 1.034 1.036 1.038 1.043
1.025 1.030 1.042 1.052 1.058 1.064 1.075
1.027 1.034 1.048 1.060 1.069 1.078 1.092
1.028 1.036 1.052 1.068 1.079 1.091 1.110
1.028 1.037 1.055 1.072 1.086 1.100 1.125
1.028 1.037 1.055 1.072 1.087 1.101 1.128
1.028 1.038 1.056 1.073 1.088 1.102 1.129

HVL (mm Al)

1.045 1.047 1.050 1.055 1.057 1.057
1.070 1.074 1.080 1.089 1.097 1.098
1.079 1.084 1.091 1.103 1.114 1.116
1.084 1.090 1.099 1.112 1.125 1.128
1.085 1.092 1.100 1.115 1.129 1.132
1.085 1.092 1.100 1.115 1.129 1.133
1.085 1.092 1.100 1.115 1.129 1.133

1.046 1.047 1.050 1.055 1.060 1.058
1.078 1.083 1.089 1.101 1.111 1.110
1.093 1.100 1.109 1.125 1.140 1.142
1.106 1.115 1.127 1.147 1.170 1.175
1.112 1.122 1.136 1.159 1.188 1.195
1.113 1.123 1.137 1.160 1.190 1.198
1.113 1.124 1.138 1.161 1.191 1.199

1.046 1.048 1.051 1.056 1.060 1.058
1.081 1.086 1.092 1.104 1.115 1.113
1.098 1.105 1.115 1.132 1.150 1.152
1116 1.126 1.140 1.163 1.191 1.198
1.129 1.141 1.158 1.186 1.228 1.240
1.130 1.144 1.161 1.191 1.235 1.250
1.130 1.144 1.162 1.192 1.237 1.252

1.046 1.048 1.051 1.056 1.061 1.060
1.083 1.088 1.094 1.106 1.119 1.118
1101 1.109 1.119 1.137 1.157 1.157
1.123 1.134 1.149 1.173 1.207 1.213
1.139 1.154 1.173 1.206 1.256 1.271
1.142 1.157 1.179 1.214 1.269 1.288
1.142 1.158 1.180 1.215 1.271 1.292

1.046 1.048 1.051 1.055 1.062 1.059
1.083 1.088 1.094 1.105 1.120 1.118
1.103 1.110 1.120 1.135 1.159 1.161
1126 1.137 1.152 1.177 1.211 1.220
1.146 1.161 1.182 1.216 1.270 1.296
1.151 1.167 1.189 1.226 1.288 1.321
1.153 1.169 1.191 1.228 1.293 1.328

(cm) (cm)

0.04 0.05 0.06 0.08 0.1 0.12 0.15

02 03 04 05 06 08 10 12 1

5 20 30 40 50 60 80

10 1
2

3

5

10

15

20

20 1

30 1

1.006 1.007 1.009 1.012 1.014 1.016 1.018
1.007 1.009 1.011 1.014 1.018 1.022 1.025
1.007 1.009 1.011 1.014 1.018 1.022 1.026
1.007 1.009 1.011 1.015 1.019 1.023 1.028
1.007 1.009 1.011 1.015 1.019 1.023 1.028
1.007 1.009 1.011 1.015 1.019 1.023 1.028
1.007 1.009 1.011 1.015 1.019 1.023 1.028

1.006 1.007 1.008 1.011 1.014 1.016 1.018
1.006 1.008 1.010 1.014 1.018 1.022 1.025
1.006 1.008 1.010 1.014 1.019 1.024 1.028
1.006 1.008 1.010 1.014 1.019 1.024 1.029
1.006 1.008 1.010 1.014 1.019 1.024 1.029
1.006 1.008 1.010 1.014 1.019 1.024 1.030
1.006 1.008 1.010 1.014 1.019 1.024 1.030

1.006 1.007 1.008 1.011 1.015 1.017 1.019
1.006 1.008 1.010 1.014 1.018 1.022 1.025
1.006 1.008 1.010 1.014 1.019 1.023 1.027
1.006 1.008 1.010 1.014 1.019 1.024 1.029
1.006 1.008 1.010 1.014 1.019 1.024 1.029

1.022 1.028 1.034 1.036 1.038 1.043 1.046 1.048
1.030 1.042 1.052 1.058 1.064 1.075 1.083 1.088
1.033 1.047 1.060 1.069 1.078 1.092 1.103 1.110
1.036 1.052 1.068 1.079 1.091 1.110 1.126 1.137
1.037 1.055 1.072 1.086 1.100 1.125 1.146 1.161
1.037 1.055 1.072 1.087 1.101 1.128 1.151 1.167
1.038 1.056 1.073 1.088 1.102 1.129 1.153 1.169

1.022 1.028 1.034 1.036 1.039 1.043 1.046 1.049
1.031 1.043 1.053 1.059 1.065 1.075 1.083 1.089
1.035 1.049 1.061 1.069 1.077 1.092 1.105 1.112
1.037 1.054 1.070 1.080 1.091 1.112 1.131 1.143
1.039 1.057 1.074 1.088 1.102 1.129 1.155 1.173
1.039 1.058 1.075 1.090 1.104 1.133 1.162 1.182
1.039 1.058 1.076 1.091 1.106 1.136 1.165 1.186

1.022 1.027 1.032 1.035 1.038 1.043 1.047 1.050
1.031 1.042 1.052 1.058 1.064 1.074 1.084 1.090
1.034 1.048 1.061 1.069 1.077 1.093 1.107 1.115
1.037 1.053 1.069 1.079 1.090 1.111 1.130 1.142
1.039 1.057 1.074 1.088 1.102 1.130 1.157 1.175

1.051 1.055 1.062 1.059 1.057 1.056 1.053
1.094 1.105 1.120 1.118 1.118 1.119 1.110
1.120 1.135 1.159 1.161 1.161 1.161 1.152
1.152 1.177 1.211 1.220 1.224 1.226 1.219
1.182 1.216 1.270 1.296 1.308 1.314 1.312
1.189 1.226 1.288 1.321 1.336 1.345 1.348
1.191 1.228 1.293 1.328 1.346 1.357 1.362

1.052 1.057 1.061 1.059 1.058 1.056 1.053
1.095 1.107 1.116 1.118 1.118 1.119 1.112
1.122 1.138 1.158 1.162 1.165 1.167 1.158
1.158 1.183 1.215 1.226 1.234 1.240 1.236
1.196 1.235 1.291 1.317 1.334 1.348 1.354
1.208 1.252 1.321 1.356 1.380 1.401 1.414
1.213 1.258 1.334 1.373 1.402 1.426 1.444

1.053 1.058 1.063 1.061 1.059 1.057 1.053
1.096 1.108 1.120 1.122 1.122 1.120 1.110
1.125 1.140 1.164 1.167 1.168 1.169 1.158
1.157 1.182 1.221 1.237 1.242 1.242 1.237
1.199 1.238 1.298 1.333 1.350 1.360 1.367

1.006 1.008 1.010 1.014 1.019 1.024 1.030 1.039 1.058 1.076 1.091 1.106 1.136 1.165 1.185 1.212 1.257 1.332 1.381 1.403 1.414 1.434
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TaBLE V. (Continued)

(b) HVL (mm Al)
SSD d
(cm) (cm) 0.04 0.05 0.06 008 0.1 012 015 02 03 04 05 06 08 10 12 15 20 30 40 50 60 80
20 1.006 1.008 1.010 1.014 1.019 1.024 1.030 1.039 1.058 1.076 1.091 1.107 1.138 1.169 1.190 1.218 1.265 1.350 1.404 1.428 1.441 1.472
50 1 1.006 1.007 1.008 1.011 1.014 1.016 1.018 1.021 1.027 1.033 1.035 1.038 1.042 1.045 1.047 1.051 1.057 1.065 1.062 1.059 1.055 1.052
2 1.006 1.007 1.009 1.013 1.018 1.022 1.025 1.031 1.043 1.053 1.058 1.064 1.073 1.081 1.087 1.095 1.107 1.121 1.122 1.121 1.119 1.112
3 1.006 1.007 1.009 1.013 1.018 1.023 1.027 1.034 1.049 1.062 1.070 1.078 1.093 1.106 1.114 1.124 1.142 1.163 1.167 1.169 1.170 1.160
5 1.006 1.007 1.009 1.013 1.018 1.023 1.028 1.037 1.054 1.070 1.081 1.093 1.113 1.132 1.143 1.159 1.185 1.226 1.235 1.241 1.246 1.242
10 1.006 1.007 1.009 1.013 1.018 1.023 1.029 1.038 1.057 1.076 1.091 1.106 1.134 1.159 1.177 1.202 1.244 1.309 1.336 1.352 1.363 1.375
15 1.006 1.007 1.009 1.013 1.018 1.023 1.029 1.039 1.058 1.077 1.093 1.110 1.140 1.169 1.190 1.218 1.265 1.346 1.387 1.411 1.428 1.448
20 1.006 1.007 1.009 1.013 1.018 1.023 1.029 1.039 1.058 1.077 1.094 1.110 1.142 1.173 1.195 1.224 1.273 1.363 1.414 1.443 1.463 1.493
100 1 1.006 1.007 1.008 1.011 1.014 1.016 1.018 1.022 1.028 1.034 1.036 1.038 1.042 1.044 1.046 1.050 1.056 1.062 1.061 1.059 1.056 1.053
2 1.006 1.008 1.010 1.014 1.018 1.022 1.025 1.031 1.043 1.053 1.058 1.064 1.072 1.080 1.085 1.094 1.107 1.121 1.122 1.120 1.118 1.112
3 1.006 1.008 1.010 1.014 1.019 1.023 1.027 1.035 1.050 1.063 1.070 1.078 1.092 1.104 1.112 1.123 1.142 1.163 1.168 1.169 1.170 1.162
5 1.006 1.008 1.010 1.014 1.019 1.023 1.028 1.037 1.055 1.071 1.082 1.093 1.113 1.131 1.143 1.160 1.188 1.225 1.234 1.240 1.244 1.243
10 1.006 1.008 1.010 1.014 1.019 1.023 1.029 1.039 1.058 1.077 1.091 1.106 1.134 1.158 1.177 1.202 1.245 1.311 1.334 1.351 1.366 1.381
15 1.006 1.008 1.010 1.014 1.019 1.023 1.029 1.039 1.059 1.078 1.094 1.110 1.140 1.169 1.190 1.219 1.269 1.354 1.391 1.417 1.440 1.460
20 1.006 1.008 1.010 1.014 1.019 1.023 1.029 1.039 1.059 1.078 1.095 1.111 1.143 1.172 1.195 1.226 1.278 1.375 1.419 1.451 1.480 1.508
3SD p HVL (mm Cu
(cm  (cm) 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1.0 15 2.0 3.0 4.0 5.0
10 1 1.062 1.057 1.056 1.054 1.052  1.050  1.046  1.043  1.037 1.033  1.026 1.021 1.017
2 1.120  1.118 1.119 1.113 1.108 1.106 1.103 1.097 1.081  1.071  1.057 1.046  1.038
3 1.159 1.161 1.161 1.155 1.150 1.147 1.143 1.135 1.116  1.102  1.081  1.067 1.054
5 1.210  1.224  1.226 1.221 1.217 1.214  1.209 1.199 1170 1151 1122 1101  1.082
10 1.269 1.306 1.316 1.313 1.311 1.310 1.307  1.294 1254  1.227 1.186  1.154  1.126
15 1.287 1.335 1.348 1.348 1.348 1.348 1.347 1332 1289 1260 1213 1178  1.146
20 1.292 1.344  1.361 1.362 1.362 1.363 1364 1349 1303 1273 1225 1188  1.155
20 1 1.061 1.058 1.055 1.054 1.053 1.051  1.048 1045 1.038  1.033 1024 1.020 1.018
2 1.116 1.118 1.119 1.114  1.110 1.107 1.102 1.097 1.084  1.074  1.056  1.046  1.039
3 1.158 1.164  1.168 1.161 1.155 1.152 1.147 1.140 1.122  1.107  1.082  1.067 1.057
5 1214  1.232 1.242 1.238 1.233 1.229 1.219 1.209 1.184  1.164 1127  1.104  1.088
10 1.290  1.331 1.352 1.353 1.353 1.349 1339 1326 1291 1260 1204 1168  1.141
15 1.320  1.377 1.407 1.412 1.415 1.411 1403 1.389 1350 1.316  1.251 1.207 1.174
20 1.333 1.397 1.434  1.441 1.447 1.443 1436  1.421 1381 1345 1278 1230  1.194
30 1 1.063 1.060 1.056 1.054 1.052  1.050  1.047 1.044  1.038  1.033  1.024 1.020 1.018
2 1120  1.122 1.119 1.113 1.108 1.105 1.101 1.096 1.084 1.073 1.056 1.046  1.038
3 1.164  1.168 1.169 1.161 1.155 1.152 1.146 1.139 1121 1107 1.084  1.068  1.055
5 1.220  1.242 1.242 1.239 1.235 1.231 1.221 1.211 1184  1.164 1130  1.106  1.087
10 1.297 1.348 1.363 1.366 1.367 1.360 1.347 1332 1292 1263 1214 1177 1.147
15 1.330  1.401 1.417 1.429 1.438 1.433 1.422  1.405 1360  1.327 1270  1.226  1.189
20 1.348 1.426 1.446 1.464  1.478 1.473 1.464  1.446 1399 1364  1.302 1.254  1.213
50 1 1.065 1.059 1.054  1.053 1.052  1.050  1.047 1.045 1.038  1.034 1025 1.020  1.018
2 1.121 1.121 1.118 1114 1111 1.108 1.103 1.097 1.084  1.073  1.056  1.047 1.040
3 1.163 1.169 1.170 1.163 1.157 1.154  1.148 1.140 1121 1106  1.084  1.069  1.057
5 1.225  1.240  1.247 1.244  1.240 1.235 1.226 1.214 1.184 1163 1131  1.108  1.089
10 1.308 1.350 1.367 1.372 1.376 1.371 1.360  1.344 1304 1274  1.222 1.184  1.152
15 1.345 1.408 1.433 1.443 1.452 1.450 1.446  1.428 1379 1346  1.285  1.237 1.195
20 1.361 1.439 1.471 1.486 1.499 1.498 1.495  1.478 1428 1391 1325 1272 1.226
100 1 1.062 1.059 1.055 1.053  1.052  1.050  1.047 1.045  1.038 1.034  1.025 1.020 1.018

2 1.121 1.121 1.117 1.114 1111 1.108 1.104 1.098 1.085 1.074 1.057 1.047 1.040
3 1.163 1.169 1.170 1.165 1.160 1.156 1.150 1.142 1.122 1.107 1.085 1.070 1.057
5 1.224 1.239 1.245 1.243 1.241 1.237 1.227 1.217 1.188 1.167 1.132 1.109 1.090
10 1.310 1.349 1.370 1.378 1.383 1.378 1.369 1.353 1.311 1.278 1.226 1.188 1.155
15 1.353 1.413 1.447 1.456 1.463 1.461 1.458 1.441 1.393 1.356 1.291 1.244 1.204
20 1.373 1.446 1.490 1.502 1.513 1514 1.516 1.499 1.447 1.406 1.334 1.282 1.237

fies the requirements formulated in Sec. IlIB. For low- should not be used for reference dosimdwy cone factor
energy parallel-plate chambers, however, this correction mafor fields different from that used in the calibration. Further
be several percent because of their large chamber ¥ddy. investigations are needed to systematically determine stem

general,

the stem effect corrections for parallel-plate chameffect corrections for these chamber types. A procedure for

bers are not well known. Because of this, these chambensieasuringP g 5iris described in Sec. V C.7.
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TasLE VI. Multiplicative correction factors to the backscatter factors listed TasLe VIII. Overall chamber correction factog cnamfor common cylin-

in Table V for use with close-ended cones as a function of HMIm Cu drical chambers in medium-energy x-ray beams. The data applies to 2-cm
and field diameterd. The values are for a 3.2 mm PMMAp( depth in the phantom, and ¥Q0cn? field size. The data are from
=1.19 g/cnd) end plate. The data are derived from BJR Supplement 25Seuntjenst al. (Ref. 40.

(Ref. 51).
Chamber type
HVL
(mm Cu NE2611
d (cm) 0.5 1 2 3 HVL Capintec PTW  Exradin or
(mm Cy NE2571 PRO6C N30001 A12 NE2581 NE2561
45 1.006 1.005 1.004 1.004
5.6 1.006 1.006 1.005 1.004 0.10 1.008 0.992 1.004 1.002 0.991 0.995
6.8 1.007 1.006 1.006 1.004 0.15 1.015 1.000 1.013 1.009 1.007 1.007
7.9 1.008 1.007 1.006 1.005 0.20 1.019 1.004 1.017 1.013 1.017 1.012
9.0 1.008 1.008 1.006 1.006 0.30 1.023 1.008 1.021 1.016 1.028 1.017
11.3 1.009 1.008 1.007 1.006 0.40 1.025 1.009 1.023 1.017 1.033 1.019
13.5 1.009 1.009 1.008 1.007 0.50 1.025 1.010 1.023 1.017 1.036 1.019
16.9 1.010 1.010 1.009 1.008 0.60 1.025 1.010 1.023 1.017 1.037 1.019
22.6 1.011 1.011 1.009 1.008 0.80 1.024 1.010 1.022 1.017 1.037 1.018
1.0 1.023 1.010 1.021 1.016 1.035 1.017
15 1.019 1.008 1.018 1.013 1.028 1.014
TaBLE VII. Ratio of average mass energy-absorption coefficients of water to  2-0 1.016 1.007 1015 1011 1022 1011
air at 2 cm depth in water, for a ¥010 cn? field size, SSB-50 cm, as a 2.5 1012 1006  1.012 1010 1.017  1.009
function of first HVL (in mm Cu or mm A). The data are from Ma and 3.0 1.009 1.005 1.010  1.008  1.012 1.006
SeuntjengRef. 35. 4.0 1.004 1.003 1.006 1.005 1.004 1.003
First HVL
(mm Cy (mm Al [(ﬁenlp)\gir]waler
01 29 1.026 B.2. The in-phantom calibration method for
0.2 4.8 1.032 medium-energy x rays
0.3 6.3 1.037
0.4 7.5 1.041 )
0.5 8.5 1.046 B.2.1. In-phantom mass energy-absorption
0.6 9.3 1.050 coefficient ratio [ (pen! p) o Iwater
0.8 10.8 1.055 o
1 12.0 1.060 Table VII gives values of[(uen/p)ailwater for the
L5 14.2 1072 medium-energy range at 2 cm depth and a 1&d@cm
g ﬁ"g i'ggi field size. Figure 3 illustrates the variations of the values of
4 19.3 1101 [ (en! p) airlwater When the field size differs significantly from
5 20.3 1.105 the reference field size of X010 cnf. The data are from Ma
and Seuntjen®
Field size dependence of ratio of
mass energy absorption coefficients Correction to Pacm
i IR ‘ for field-size dependence (2 cm
Lol fe—e B0k 1005 o ieta-size dependence (2 cm)
1.010 17t~ water/Air 7| -—a 100 kV [ 7] :
— : U 1| e— 150 kV
e TG N —200kV [ -«
G . (E,
S 1.005 St S
£ s - T 8
— l L ! s
S : iy : ﬂ\-E
£ 1000 T
— I I [N I [ s}
= - b - Liv o
2 A R i ] e 20 cm’
% 0.995 L \ R ! L R Socmz
L 1 10 1200 ' ‘, :; - 200cm®
= Field surface area (cm) 0.990 100 ——r—r—
Fic. 3. Dependence on field surface area for different energies of the ratio of Half value layer /mm Cu

the mass energy-absorption coefficient water to air at 2 cm depth in water.

Data are normalized to the reference field size 0k10 cntf at an SSD of ~ Fic. 4. Field size dependence & ¢.m at the reference deptt2 cm).

50 cm. Half value layers corresponding to the kV values are: 0.88 mm AlCorrection factor taPq chamto account for field size dependence for fields
(50 kV), 2.65 mm Al (100 kV), 0.57 mm Cu(150 kV), 1.7 mm Cu(200 significantly differing from the standard 10 ¢fri0 cm. These values can be
kV), and 4.3 mm Cu300 kV) (see Ref. 3b applied to all the chambers in Table VIII.
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TasLE IX. Water proofing sleeve correction factdPg,..nfor PMMA, polystyrene, and nylon sleeves of thicknésghen using cylindrical chambers for in
water phantom measurements in medium-energy x-ray beams. The data applies to 2 cm depth in the phantow,Geentf fi@ld size. The data are from
Ma and Seuntjen&Ref. 23.

HVL PMMA (Lucite) p=1.19 g/lcni Polystyrenep=1.06 g/cm Nylon p=1.14 g/cni

(mmCyYy (mmAIl) t=05mm t=1mm t=2mm t=3mm t=05mm t=1mm t=2mm t=3mm t=05mm t=1mm t=2mm t=3 mm

0.1 3.0 0.998 0.995 0.991 0.986 0.995 0.990 0.981 0.972 0.996 0.992 0.985 0.978
0.2 4.7 0.998 0.996 0.993 0.989 0.996 0.993 0.987 0.980 0.997 0.994 0.989 0.984
0.3 6.1 0.998 0.997 0.994 0.991 0.997 0.995 0.989 0.984 0.998 0.995 0.991 0.987
0.4 7.4 0.999 0.997 0.995 0.993 0.998 0.996 0.991 0.987 0.998 0.996 0.993 0.989
0.5 8.5 0.999 0.998 0.996 0.994 0.999 0.996 0.993 0.990 0.999 0.997 0.994 0.992
0.6 9.5 0.999 0.998 0.996 0.995 0.999 0.997 0.994 0.992 0.999 0.997 0.995 0.993
0.8 11.0 0.999 0.998 0.997 0.996 0.999 0.998 0.996 0.994 0.999 0.998 0.996 0.995
1.0 12.1 1.000 0.999 0.998 0.997 1.000 0.999 0.997 0.996 1.000 0.999 0.997 0.996
1.5 13.9 1.000 0.999 0.999 0.999 1.000 0.999 0.998 0.998 1.000 0.999 0.998 0.998
2 15.2 1.000 1.000 1.000 0.999 1.000 0.999 0.999 0.998 1.000 1.000 0.999 0.998
3 17.6 1.000 1.000 1.000 1.000 1.000 0.999 0.999 0.999 1.000 1.000 0.999 0.999
4 19.4 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
5 20.9 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

B.2.2. lon-chamber correction factor P o cham

Po,chamaccounts for the change in chamber response due
to the change in beam characteristiemergy and angular
distribution between calibration and measurement, and offABLE X. Free-in-air ratios of mass energy-absorption coefficients of bio-
the change in photon fluence at the reference point in th@gical tissue to water for application in conjunction with the in-air method.

. . . The data are for SSB50 cm. Except for bone, these values can be used as
cavity compared to that in water in the absence of the chamgzmes P

] W as defined in Eq(12). For bone, the data in this table shall be com-
ber and the chamber stem. Values are derived from measurgined with the ratio of backscatter factor bone-to-water as given in Table XI
ments and calculations by Seuntjerss al,'* Ma and to arrive atC™ The data are from Ma and SeuntjeiRef. 35.
Nahum!*~?® Seuntjens and Verhaegéh,and Seuntjens
et al*® Table VIII gives the values oP g, chamfor commonly
used cylindrical chamber types as a function of HVL. The

field-size dependence of this factor at 2 cm depth is 1% or ICRU 4-

“Free-in-air’ mass energy-absorption coefficient ratio
of the specified tissues to water

smaller. Figure 4 can be used to estimate this correction to e'zg"ff”t sItCn:tLeJ 4 IcRP  ICRP C'Ocmiict
Pq.cnam If the field size is significantly smaller than 10 . Ay mmco  tissue  muscle  lung  skin bone
X 10cn?f. The uncertainty of theP g cham factor was esti-
mated to be about 1.5%. 0.3 0.917 1.016  1.031 0.890  4.200
0.4 0.918 1.020 1.035 0.893  4.289
0.5 0.919 1.022  1.037 0.895  4.335
. 0.6 0.920 1.024 1.039 0.897  4.382
B.2.3. Sleeve correction factor P gpeam 08 0921 1028 1043 0901 4.475
Table IX gives the values oPg,q.nfor sleeves used to 1.0 0.923 1031 1046 0904  4.494
. e : 12 0.925 1.031  1.046 0907  4.469
insulate cylindrical chambers when placed in a water phan- 1s 0.927 1032 1047 0910 4.427
tom, as a function of the sleeve thickneésand HVL. The 20 0.930 1032 1047 0915 4350
data are from Monte Carlo calculations and experiments by 3.0 0.934 1.032  1.045 0.922 4.179
Ma and Seuntjen& Field-size and SSD dependence of a 1 4.0 0.939 1.030  1.042 0929  3.975
mm sleeve is less than 0.2% for PMMA, nylon, and g-g 8-323 1-822 1-832 8-323 g;g?
polystyrené®® The unceortalnty of thégpeanfactor was esti 8.0 0,855 1021 1030 0950 3133
mated to be about 0.5%. 0.1 0934 1032 1045 0921  4.209
0.2 0.942 1.029 1.040 0934  3.808
0.3 0.947 1.026  1.036 0940  3.561
B.3. Conversion factors to calculate dose in other 0.4 0.952 1.023 1.032  0.946 3.314
biological materials 0.5 0.956 1.020 1.029 0952 3.068
. . _— . 0.6 0.960 1.018 1.026 0957  2.859
This protocol provides guidelines to determine dose to 0.8 0.964 1015  1.022 0961  2.657
other biological tissues on the surface of a human body for 1.0 0.967 1.012  1.018 0.965 2.456
clinical radiotherapy and radiobiology. In this section tables 15 0.975 1.006  1.009 0.975 1.952
are provided to convert the dose to water to dose to other g-g 8-32(13 é-ggé 3-883 8-320 1-22(7)
materials at the surface. The data have been supplied for 20 0.988 0.994 0'9931 0'98? 1'128
ICRU four-element soft tissue, ICRU striated muscle, ICRU 50 0.990 0992 0992 0989  1.026

compact bone, ICRP lung, and ICRP skin. The photon mass
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TaBLE XI. Ratios of the kerma-based backscatter factors, bone to water, for photon beams 50—8006k\6
mm Cu with different field sizes at various SSD for Ed.2). The data are from Ma and Seuntjdief. 35.

s HVL Bhone/ Bw
(cm) (MmCu (mmAl) 1xlcn? 2x2cm?  4X4cnf  10x10cnf  20x20cnf
10 0.05 1.6 0.958 0.929 0.897 0.861 0.854
0.1 2.9 0.976 0.945 0.905 0.853 0.838
0.5 8.5 1.019 1.011 0.974 0.910 0.875
1 12.0 1.031 1.041 1.026 0.974 0.943
2 15.8 1.038 1.065 1.077 1.047 1.023
3 17.9 1.037 1.066 1.092 1.086 1.070
4 19.3 1.028 1.053 1.082 1.087 1.075
5 20.3 1.022 1.043 1.074 1.087 1.078
30 0.05 1.6 0.958 0.926 0.889 0.850 0.833
0.1 2.9 0.976 0.940 0.894 0.837 0.809
0.5 8.5 1.019 1.011 0.981 0.887 0.833
1 12.0 1.031 1.042 1.033 0.959 0.902
2 15.8 1.038 1.067 1.083 1.043 0.989
3 17.9 1.037 1.067 1.101 1.090 1.047
4 19.3 1.029 1.055 1.088 1.091 1.065
5 20.3 1.023 1.045 1.077 1.091 1.079
50 0.05 1.6 0.958 0.927 0.891 0.847 0.827
0.1 2.9 0.975 0.942 0.897 0.832 0.800
0.5 8.5 1.018 1.009 0.977 0.881 0.825
1 12.0 1.031 1.040 1.032 0.958 0.894
2 15.8 1.038 1.066 1.085 1.047 0.983
3 17.9 1.036 1.069 1.100 1.095 1.048
4 19.3 1.028 1.057 1.084 1.094 1.066
5 20.3 1.022 1.047 1.072 1.094 1.080

energy-absorption coefficient values were taken from (2) lonization chambers of choid&ec. 111 B): 70—300 kV
HubbelP® while the composition of the biological tissues was cylindrical ionization chamber, and 40—70 kV parallel plate
taken from the ICRU report§:*? (soft x ray ionization chamber.

Table X presents ratios of mass energy-absorption coeffi- The effective point of measurement for both cylindrical

cients averaged over the photon fluence spectrum free in ajind parallel plate chambers is the center of the sensitive air
of several biological tissues of interest relative to water. The{:avity of the chamber.

backscatter factor ratios relative to water for any of the tis-
sues(except bong considered in Table X does not differ
from unity by more than 1% for commonly used field sizes
and can therefore be ignorétiFor bone, Table XI shows the
ratios of the backscatter factors, bone to water, for photo
beams 50-300 k\{0.875-20.8 mm Al with different field
sizes at various SSD.

(3) The appropriate ionization chamig@r shall be cali-
brated for at least two beam qualities sufficiently close to,
and bracketing the user's beam qualiti@s terms of both
'Llube potential and HVL More than one beam quality is
required to ensure that the energy dependence of the cham-
ber response satisfies the requirements enunciated in Sec.
111 B. Chamber calibration factors shall be directly traceable
to national standarddrom an ADCL, NIST, or NRCC.
APPENDIX C. SUMMARY OF RECOMMENDATIONS (4) For parallel plate chambers, buildup of appropriate
AND WORKSHEETS thicknesqTable ) and materialpolyethylene, PMMA must
be present at the time of ADCL, NIST, or NRCC calibration.

this protocol, which is intended to assist the clinical physicistFurthermore’ for parallel-plate chambers the same buildup

with the measurements in the clinic necessary to complet@""teriaIIS must. '?e present for all ionizatign mejasuremen.ts
the Worksheets and hence determine the correct absorb@§'formed at clinical and/or research sites including determi-
dose. nation of HVL, reference dosimetry, and chamber evaluation
(1) Water is the phantom material for absolute dose deMeasurementeSec. Il B).
termination when the point of interest is as a depth of 2 cm (5) Before ionization data measurements, the clinical
for beams of tube potential greater than 100 kV. Plastigohysicist shall examine the equipment for appropriate func-
phantoms(other than PMMA may be used for in-phantom tion. This analysis of equipment performance includes the
routine quality assurance for convenience. ionization chamber, the electrometer, and the x-ray unit. Spe-

The following is a summary of the recommendations from
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cifically, the x-ray unit shall be assessed for proper functioncenter of the sensitive air cavity, along the central axis.
ing of the kV, the mA, and the timer including timer linear-  (8) All ionization chamber measurements,,,, shall be
ity, accuracy, and end effecBec. lI). corrected for temperature and pressure, ion recombination,
(6) HVL measurements shall be performed with the ap-polarity effects, and electrometer calibration effe¢8ec.
propriate chambefand buildup materiajsand in the sug- VC).
gested geometry as indicated in Fig(Sec. 11 Q. (9) If the clinical physicist's standard chamber is not in-
(7) For energies 40-100 kV, routine dose calibrationcluded in within the list of chambers in the various correc-
measurements are performed in air, for energies greater thaion factor tables, the chamber shall be relatively compared
100 kV, and depending on the point of interest, dose calibraagainst a chamber, which is included in the respective tables
tion measurements are performed either in air or at a depth ¢Sec. V Q.
2 cm in water. For measurements taken in air, measurements (10) All dose conversion factors and correction factors
are performed at the point where the dose at the phantomiependent on energy shall be determined by tabular look-up
surface is requirece.g., the cone endif this is not possible, as a function of the HVL of the user's beam. For in-air
the measurement should be performed at a point as close asasurements, the correction factor R oy Shall be in-
possible to the point of interest, and corrected to obtain theluded in the dose equatioiec. V A); for in-water mea-
dose there. To this end, an inverse square correction can lseirements the additional correction factordgf..,shall be
used(see Sec. VL For measurements taken in water, theincluded in the dose equatig®ec. V B. For B,, and other
physicist is cautioned on the use of natural or synthetic rubeorrection factors, it is preferred to use the tabular data pro-
ber sleeves for water proofing the chamber because talcumided in this paper rather than user-determined experimental
powder particles can enter the chamber and strongly affeatalues. Unless properly analyzed, user-determined values
the response. PMMA, polystyrene, or nylon shall be used fomay contain uncertainties associated with specific assump-
water protective coveringSec. Il B).. The reference point of tions, which are greater than the uncertainties contained
the parallel plate as well as cylindrical chamber type is at thevithin the tabular datéAppendix B.
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C.1. TG-61 Worksheet: Calculating dose to water on the phantom surface

Name Date:
(1) X-ray unit: , Tube potential: kV, HVL: mm (Al or Cu)
SSD: cm, Field size: cf

(2) lon chamber and electrometer calibration. Date of last calibration:

lon chamber: , Calibration factdv = Gy/C
Electrometer: , Calibration factd?g|ec = Clscale unit
(3) Chamber signal: M raw = scale units
101.3
(4) Temperature T= °C, PressureP = kPE(zmm Hg mj
To normalize to 22°C and 1 atm:
273.2+T[°C] 101.33
PTp= : =
295.2 P[kPa|
(5) Total radiation timet= min, end effect:ot = min
\V/ 2
-l
(6) Recombination correctionPionzH—L2
M_(E)
Mraw | VL
M r+aw_ M r_aw‘
7) Polarity correction P 2’— =
( ) y pOl ZMI’aW
(8) Corrected chamber reading M = MyawPeled®TPPionPpol =
(9) Backscatter factofTable V, Table V): B, =
(10) Mass energy-absorption coefficient ratio water to(@eble 1V):
(@)W _
p air air
(11) Stem correction in aitSec. V Q: Pstem,air =
ﬁen "
(12) Dose to water Dy =MNB,,Pstem,ai (—)
p air air
13) D D= —
(13) Dose rate Wi st

Medical Physics, Vol. 28, No. 6, June 2001
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C.2. TG-61 Worksheet: Calculating dose to water at 2 cm depth in water

Name Date:
(1) X-ray unit: , Tube potential: kV, HVL: mm (Al or Cu)
SSD: cm, Field size: cf

(2) lon chamber and electrometer calibration. Date of last calibration:

lon chamber: , Calibration factdv = Gy/C
Electrometer: , Calibration factd?g|ec = C/scale unit
(3) Chamber signal: M raw = scale units
101.3
(4) Temperature T= °C, PressureP = kPa(=mm Hg mj
To normalize to 22°C and 1 atm:
273.2+T[°C] 101.33
PTp= : =
295.2 P[kPa|
(5) Total radiation timet= min, end effect:st = min
\V/ 2
A
(6) Recombination correctionPion:H—L2 =
Mraw E)
Mraw | VL
(7) Polarity correction Ppg|= M =
g PO 2M raw
(8) Corrected chamber reading M =M awPeled® TPPionPpol = C
(9) Chamber correction factdirable VI, Fig. 4, Table IX:
Pa.chanPsheath =
(10) Conversion factor(TableVIl, Fig. 3:
(@)W _
P air] water
Een v
(11) Dose to water Dw=MNgPochanPsheath| — = Gy
P air] water
12) D D=2 — Gy/mi
(12) Dose rate Wi st y/min
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