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IntroductionIntroduction

Calibration of ion chambersCalibration of ion chambersCalibration of ion chambersCalibration of ion chambers
Exposure calibrationsExposure calibrations

ExposureExposure
NNgasgas

Absorbed dose calibrationsAbsorbed dose calibrations
NNDD

Calibration of photon beamsCalibration of photon beams
In free space dosimetryIn free space dosimetry
Phantom dosimetryPhantom dosimetry

Absolute cavity ion chambersAbsolute cavity ion chambers

The volume has to be know with accuracy mostThe volume has to be know with accuracy mostThe volume has to be know with accuracy, most The volume has to be know with accuracy, most 
suited for large volumessuited for large volumes
Ionization chambers used in most dosimetric Ionization chambers used in most dosimetric 
applications are manufactured commercially and applications are manufactured commercially and 
needs to be calibrated by one of the methods needs to be calibrated by one of the methods 
describeddescribeddescribeddescribed
For an absolute cavity chamber, For an absolute cavity chamber, 
Ngas = (W/e) mgNgas = (W/e) mg--11
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Calibration of ion chambers using Calibration of ion chambers using 
xx-- or gammaor gamma--raysrays

NISTNIST maintainmaintain standardstandard ionizationionization chamberschambers andandNIST NIST maintainmaintain standard standard ionizationionization chamberschambers andand
calibratedcalibrated gammagamma--rayray beamsbeams
ADCL (ADCL (AccreditedAccredited Dosimetry Dosimetry CalibationCalibation LaboratoryLaboratory) ) 
are regional are regional calibratationcalibratation labslabs linkedlinked to to thethe NBS NBS 
withwith frequentfrequent calibrationscalibrations ofof highhigh qualityquality ionion
chamberschambers..chamberschambers. . 
ThereThere is a is a feefee for for calibrationcalibration in in eithereither lablab

Exposure calibration of ion Exposure calibration of ion 
chamberschambers

With xWith x--rays generated at 10rays generated at 10--300 kV300 kVWith xWith x rays generated at 10rays generated at 10 300 kV300 kV
Chamber wall requirements. The wall must be made thick Chamber wall requirements. The wall must be made thick 
enough to provide CPE and keep out stray electrons. For enough to provide CPE and keep out stray electrons. For 
a 300 kV beam that will produce a maximum electron a 300 kV beam that will produce a maximum electron 
energy of 300 keV about 0.8 mm of polystyrene is energy of 300 keV about 0.8 mm of polystyrene is 
required. required. 
For low energies such as used in mammography aFor low energies such as used in mammography aFor low energies such as used in mammography, a For low energies such as used in mammography, a 
thinner wall thickness is indicated. For a 50 keV electron, thinner wall thickness is indicated. For a 50 keV electron, 
the CSDA range in polystyrene is 42 the CSDA range in polystyrene is 42 μμm.m.



4

X
XN
M

=

Reading corrected for standard TP

R/C
R/scale division

Exposure calibrations of ion chambers Exposure calibrations of ion chambers 
with with 137137Cs and Cs and 6060Co gammaCo gamma--raysrays

The same procedure is used for exposureThe same procedure is used for exposureThe same procedure is used for exposure The same procedure is used for exposure 
calibration of cavity chambers for  xcalibration of cavity chambers for  x--rays < rays < 
300 kV, except that the free300 kV, except that the free--air chamber is air chamber is 
replaced by the absolute graphite cavity replaced by the absolute graphite cavity 
chamber as a standard. In that case, a chamber as a standard. In that case, a 
b ild i k C db ild i k C dbuildup cap is necessary to keep CPE and buildup cap is necessary to keep CPE and 
stray electrons out.stray electrons out.
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Ngas calibration of ion chambersNgas calibration of ion chambers

One useful mode of calibrating dosimeter is inOne useful mode of calibrating dosimeter is inOne useful mode of calibrating dosimeter is in One useful mode of calibrating dosimeter is in 
terms of the absorbed dose in the matter of the terms of the absorbed dose in the matter of the 
sensitive volume of the dosimeter.sensitive volume of the dosimeter.
This can be related to the dose in another medium This can be related to the dose in another medium 
that replaces the dosimeter in the same location, by that replaces the dosimeter in the same location, by 
an application of cavity theory.an application of cavity theory.
Thi li ll t i it i h b ThThi li ll t i it i h b ThThis applies well to gas in cavity ion chambers. The This applies well to gas in cavity ion chambers. The 
calibration can be done for all ionization radiation calibration can be done for all ionization radiation 
for which W/e is constant.for which W/e is constant.

Loevinger’sLoevinger’s formalism (AAPM TG21, 1981)formalism (AAPM TG21, 1981)

For an absolute cavity chamber
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Attix derivation of Ngas from XAttix derivation of Ngas from X
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Assuming TCPE to exist in the wall w, since w is thicker than the 
maximum electron range

Spencer - Attix
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Calibration of ion chambers in terms Calibration of ion chambers in terms 
of absorbed dose in waterof absorbed dose in water

Current AAPM protocol (TG51) uses thisCurrent AAPM protocol (TG51) uses thisCurrent AAPM protocol (TG51) uses this Current AAPM protocol (TG51) uses this 
methodmethod

Calibration of photon beams with an Calibration of photon beams with an 
exposureexposure--calibrated ion chambercalibrated ion chamber

Calibrations in free spaceCalibrations in free spaceCalibrations in free spaceCalibrations in free space
For xFor x--rays generated at 10rays generated at 10--300 kV300 kV

The ion chamber has Nx determined for the quality of The ion chamber has Nx determined for the quality of 
the radiation to be measured.the radiation to be measured.

X = Nx MX = Nx M
If recombination is to be taken into accountIf recombination is to be taken into account

X = Nx Aion M Pion X = Nx Aion M Pion 
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Shutter timer errorShutter timer error

Beam calibration in terms of freeBeam calibration in terms of free--space space 
collision kerma or absorbed dosecollision kerma or absorbed dose

Following the same scheme for the Ngas derivationFollowing the same scheme for the Ngas derivationFollowing the same scheme for the Ngas derivationFollowing the same scheme for the Ngas derivation
The freeThe free--space Kc in air at P for an exposure X isspace Kc in air at P for an exposure X is

The Kc in an infinitesimal mass of any other material x placed The Kc in an infinitesimal mass of any other material x placed 
at P and similarly irradiated isat P and similarly irradiated is

The D at P is in general indeterminate without knowing the The D at P is in general indeterminate without knowing the 
secondary fluxsecondary flux--density distribution.density distribution.
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However, under CPE conditions we can write D=Kc However, under CPE conditions we can write D=Kc 
without further knowledge of the electron field. without further knowledge of the electron field. 

By centering the spherical mass of material x at the By centering the spherical mass of material x at the 
point P and making the sphere’s radius equal to the point P and making the sphere’s radius equal to the 

i di d l t CPE bl t CPE bmaximum secondarymaximum secondary--electron range, CPE can be electron range, CPE can be 
approximated.approximated.

Taking x to be water and assuming only Compton Taking x to be water and assuming only Compton 
interactions for a 300 kV photons, the maximum interactions for a 300 kV photons, the maximum 
recoil electron energy will be 162 kV, for which the recoil electron energy will be 162 kV, for which the 
CSDA range is about 0 32 mmCSDA range is about 0 32 mmCSDA range is about 0.32 mm.CSDA range is about 0.32 mm.

Absorbed dose to water in free space
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FreeFree--space photon beam exposure space photon beam exposure 
calibration for energies above 300 keVcalibration for energies above 300 keV

a. 60Co and 137Cs gamma-rays

137Cs gamma-rays are seldom used any longer for calibration
purposes. 

Insert βwat

b. Higher Energy Photons

Calibration laboratories do not offer a calibration factor for
Higher energy photon beams above 60Co energy.
It is possible to deduce a value of Nx for a higher energy
beam through the double application of Ngas equation.
the trick here is to use a buildup cap equal to at least the
maximum range of electrons produced by the higher energy
photons.

The problem is the availability of βw for the higher photon
energies.
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Calibration of photon beams in phantom by Calibration of photon beams in phantom by 
means of an exposuremeans of an exposure--calibrated ion chambercalibrated ion chamber

This has been used for many years before TG 21 came along.
For higher energies than 60Co gamma-rays the imaginary sphere
of water around the point of measurement tends to become larger
and the meaning of absorbed dose in free space starts to loose 
its meaning. Since the absorbed dose in a water phantom is what
i t d it b i t ti t lib t th b i i tis wanted it may be more interesting to calibrate the beam in a point
in such a water phantom and relate the absorbed dose there to 
doses at other points in the phantom.
This reference point has to be deep enough in the phantom to achieve
TCPE.

For For 6060Co gammaCo gamma--raysrays
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What is the meaning of X within a phantom?

Now the ion chamber is removed and at the point P we
have measured X. The response of the ion chamber has
to be air equivalent within the energy range (from 60Co
gamma-ray energy downward the response of the ion
chamber has to be constant per roentgen for the scattered
photons.
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Ac is the displacement correction, it is the fraction by which
the exposure is decreased by broad-beam attenuation in the
water occupying the former empty space.

TCPE
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For xFor x--ray beams higher than ray beams higher than 6060Co: Co: 
The CThe Cλλ conceptconcept

In phantom dosimetry for higher energies has beenIn phantom dosimetry for higher energies has beenIn phantom dosimetry for higher energies has been In phantom dosimetry for higher energies has been 
done on the basis of the Cdone on the basis of the Cλλ concept.concept.

CCλλ is a conversion factor (rad/R) to derive the dose in is a conversion factor (rad/R) to derive the dose in 
rads at a point of reference in the water phantom rads at a point of reference in the water phantom 
from the reading of an ion chamber irradiated by the from the reading of an ion chamber irradiated by the 
high energy xhigh energy x--ray beamray beamhigh energy xhigh energy x ray beamray beam

Suppose an ion chamber which is a BG cavity with Suppose an ion chamber which is a BG cavity with waterwater--
equivalentequivalent walls inside a water phantom. We ask that thewalls inside a water phantom. We ask that theequivalentequivalent walls inside a water phantom. We ask that the walls inside a water phantom. We ask that the 
same flux of secondary electrons cross the cavity as if the same flux of secondary electrons cross the cavity as if the 
wall (and the buildup cap) were made of water. wall (and the buildup cap) were made of water. 

The wall material does not have to be identical to water, The wall material does not have to be identical to water, 
provided that errors in collision stopping power and massprovided that errors in collision stopping power and mass--
energy absorption coefficients cancel each other.energy absorption coefficients cancel each other.

Air and water equivalent are not very different (Fig. 2.2a). Air and water equivalent are not very different (Fig. 2.2a). 
Plastics are too low in atomic number to imitate either water Plastics are too low in atomic number to imitate either water 
or air at low energies where the photoelectric effect is or air at low energies where the photoelectric effect is 
dominant, requiring the addition of some higher Zdominant, requiring the addition of some higher Z--element. element. 
The use of an aluminum rod on the central collecting The use of an aluminum rod on the central collecting 
electrode is a familiar method to adjust the lowelectrode is a familiar method to adjust the low--energy air energy air 
equivalence of an ion chamber.equivalence of an ion chamber.



18

As data showing discrepancies in the CAs data showing discrepancies in the C method usingmethod usingAs data showing discrepancies in the CAs data showing discrepancies in the Cλλ method using method using 
different ion chambers started to be published, there different ion chambers started to be published, there 
was a push to review the calibration protocols which was a push to review the calibration protocols which 
culminated with the TG21 in US and others culminated with the TG21 in US and others 
elsewhere. elsewhere. 

Recently, calibration of absorbed dose in water insteadRecently, calibration of absorbed dose in water insteadRecently, calibration of absorbed dose in water instead Recently, calibration of absorbed dose in water instead 
of exposure has been proposed to make the of exposure has been proposed to make the 
calibration protocols even simplier.calibration protocols even simplier.

Derivation of CDerivation of Cλλ

Two irradiations at the same point P in a waterTwo irradiations at the same point P in a waterTwo irradiations at the same point P in a water Two irradiations at the same point P in a water 
phantom, one with phantom, one with 6060Co and a second with a higher Co and a second with a higher 
energy energy λλ. The two irradiations are adjusted to give . The two irradiations are adjusted to give 
the same Dgasthe same Dgas
Applying BG relationApplying BG relation
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Substitution of plastics to water in Substitution of plastics to water in 
photon beam phantomsphoton beam phantoms

TG21 specifically allowed calibrations in otherTG21 specifically allowed calibrations in otherTG21 specifically allowed calibrations in other TG21 specifically allowed calibrations in other 
materials than water to be done. This can be done materials than water to be done. This can be done 
provided  the rules below are followed:provided  the rules below are followed:

1.1. The center of the ion chamber should be The center of the ion chamber should be 
positioned at the same distance from the source positioned at the same distance from the source 
as if a water phantom is used. Also, the same as if a water phantom is used. Also, the same 
beam collimator setting should be usedbeam collimator setting should be usedbeam collimator setting should be used.beam collimator setting should be used.

2.2. The ion chamber walls (and 60Co buildup cap) The ion chamber walls (and 60Co buildup cap) 
should preferably be made of the same plastic as should preferably be made of the same plastic as 
the phantom.the phantom.
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3. The depth d3. The depth dpp of the chamber center from the front of the of the chamber center from the front of the 
plastic phantom should be adjusted to give the same photon plastic phantom should be adjusted to give the same photon 
attenuation as would occur with the chamber at depth dattenuation as would occur with the chamber at depth dww in a in a 
water phantomwater phantom

4 The absorbed dose in plastic for a photon of beam4 The absorbed dose in plastic for a photon of beam4. The absorbed dose in plastic for a photon of beam 4. The absorbed dose in plastic for a photon of beam 
quality quality λλ is given byis given by
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5 Once the dose in plastic is known one can derive5 Once the dose in plastic is known one can derive5. Once the dose in plastic is known, one can derive 5. Once the dose in plastic is known, one can derive 
the absorbed dose in waterthe absorbed dose in water
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Calibration of photon beams in Calibration of photon beams in 
phantoms by the Ngas methodphantoms by the Ngas method

A.A. Chamber wall material the same as phantomChamber wall material the same as phantomA.A. Chamber wall material the same as phantomChamber wall material the same as phantom
Previously, we described the calibration of an ion chamber in Previously, we described the calibration of an ion chamber in 

terms of Ngas in a 60Co gammaterms of Ngas in a 60Co gamma--ray beam. Now, we use the ray beam. Now, we use the 
calibrated ion chamber to calibrate a photon beam.calibrated ion chamber to calibrate a photon beam.

The value of Dgas is typically larger than it would have been for a The value of Dgas is typically larger than it would have been for a g yp y gg yp y g
very small  cavity located at P, due to lack of photon beam very small  cavity located at P, due to lack of photon beam 
attenuation in the actual gas filled cavity. This is attenuation in the actual gas filled cavity. This is 
compensated by a replacement factor, which is a function of compensated by a replacement factor, which is a function of 
the gradient vs depth and the diameter of the cavitythe gradient vs depth and the diameter of the cavity

The absorbed dose (Dw)λ in the water at the point P in the absence of 
the chamber can be gotten by the application of the cavity theory
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B. Chamber wall different from phantomB. Chamber wall different from phantom

Calibration of electron beams in Calibration of electron beams in 
phantomsphantoms

Absolute cavityAbsolute cavity--chamber measurementschamber measurementsAbsolute cavityAbsolute cavity chamber measurementschamber measurements
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ElectronElectron--beam perturbations corrections beam perturbations corrections 
for cavity chambers in phantomsfor cavity chambers in phantoms

AcAc –– displacement correction is the fraction bydisplacement correction is the fraction byAc Ac displacement correction, is the fraction by displacement correction, is the fraction by 
which the exposure is decreased by broad beam which the exposure is decreased by broad beam 
photon attenuation in the water occupying the photon attenuation in the water occupying the 
former void.former void.
Prepl Prepl –– is the fraction by which the Dgas should be is the fraction by which the Dgas should be 
decreased to compensate for the lack of photondecreased to compensate for the lack of photon--decreased to compensate for the lack of photondecreased to compensate for the lack of photon
beam attenuation in the actual gas filled cavity.beam attenuation in the actual gas filled cavity.

For electron beams the case is moreFor electron beams the case is moreFor electron beams the case is more For electron beams the case is more 
complicated requiring two correctionscomplicated requiring two corrections

1.1. An electronAn electron--fluence scattering correction.fluence scattering correction.
2.2. Positioning of the chamber with its Positioning of the chamber with its 

geometric center deeper in the phantom geometric center deeper in the phantom 
than the point P at which the dose is beingthan the point P at which the dose is beingthan the point P at which the dose is being than the point P at which the dose is being 
determined.determined.
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ElectronElectron--fluence scattering correctionfluence scattering correction

The in-scattering effect The obliquity of pathlength effect
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ChamberChamber--shift correctionshift correction

A gradient type correction used in photon beamsA gradient type correction used in photon beamsA gradient type correction used in photon beams A gradient type correction used in photon beams 
could be applied also for electron beams. The rapid could be applied also for electron beams. The rapid 
change in dose as a function of depth discourages change in dose as a function of depth discourages 
this approach.this approach.
Alternative was proposed by Dutreix and Dutreix Alternative was proposed by Dutreix and Dutreix 
(1966) with a “displacement correction”, where the (1966) with a “displacement correction”, where the 
geometric center of the chamber is displaced fromgeometric center of the chamber is displaced fromgeometric center of the chamber is displaced from geometric center of the chamber is displaced from 
the effective center of the chamber. Attix called it the effective center of the chamber. Attix called it 
chamberchamber--shift correction to distinguish it from the shift correction to distinguish it from the 
displacement correction for photons. displacement correction for photons. 
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The CThe CEE methodmethod

This is similar to the CThis is similar to the C methodmethodThis is similar to the CThis is similar to the Cλλ method.method.
The value of CE is obtained through a 60Co gammaThe value of CE is obtained through a 60Co gamma--
ray calibration in which the exposure is X (C/kg). ray calibration in which the exposure is X (C/kg). 
The ion chamber wall and buildup cap are made of The ion chamber wall and buildup cap are made of 
material w, and the cavity contains air. The dose in material w, and the cavity contains air. The dose in 
the cavity air isthe cavity air isthe cavity air isthe cavity air is

The ICRU (1972) made the implicit assumption that The ICRU (1972) made the implicit assumption that 
the chamber wall and buildup cap were exactly airthe chamber wall and buildup cap were exactly air--
equivalent for equivalent for 6060Co Co γγ--rays, and rays, and ββww = 1.000 and = 1.000 and 
PPionionAAionion = 1.000= 1.000

The ion chamber is then placed in a phantom of The ion chamber is then placed in a phantom of 
medium p with the effective center of the ion medium p with the effective center of the ion 
chamber at the point where the absorbed dose Dchamber at the point where the absorbed dose DPP is is 
to be determinedto be determined
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If NIf Nxx is given instead in R/C and Dis given instead in R/C and DPP is in radis in rad

The NThe Ngasgas methodmethod

An ion chamber calibrated in terms of Ngas can be usedAn ion chamber calibrated in terms of Ngas can be usedAn ion chamber calibrated in terms of Ngas can be used An ion chamber calibrated in terms of Ngas can be used 
for electron beams. The chamber wall need not for electron beams. The chamber wall need not 
exactly match the phantom medium, p, so long as the exactly match the phantom medium, p, so long as the 
wall is fairly thin (e.g. 0.1 g/cm2) and of low atomic wall is fairly thin (e.g. 0.1 g/cm2) and of low atomic 
number plastic. A matching buildup cap, increasing number plastic. A matching buildup cap, increasing 
the wall thickness has to be added during the the wall thickness has to be added during the 6060Co Co γγ--gg γγ
rays calibration.rays calibration.
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TG 51 ProtocolTG 51 Protocol
Obtain an absorbed dose to water calibration factor for
the user ion chamber from NIST or an ADCLthe user ion chamber from NIST or an ADCL. 
This factor is good for T=22 and P=760 mmHg and
relative humidity between 20 to 80%, respectively.

Quality conversion factor

For photonsFor photons
kkqq is tabulated for different commercial ion chambersis tabulated for different commercial ion chambers
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For electronsFor electrons

Gradient correctionGradient correction

Photon electron conversion

kecl converts the 60Co calibration factor to the clinical ec
electron beam calibration factor
k’R50 converts the clinical electron beam calibration factor to
the calibrated electron beam calibration factor


