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ABSTRACT

The IAEA Code of Practice TRS 277 gives recommendations for

absorbed dose determination in high energy photon and electron

beams based on the use of ionisation chambers calibrated in terms

of exposure or air kerma. The scope of the present work was to

test the Code for 60Co gamma radiation and for several radiation

qualities at four different types of electron accelerators and

to compare the ionisation chamber dosimetry with ferrous sulphate

dosimetry. The results show agreement between the two methods

within about one per cent for all the investigated qualities. In

addition the response of the TLD capsules of the IAEA/WHO TL

dosimetry service has been determined.

ZUSAMMENFASSUNG

Der IAEA "Code of Practice" TRS 277 gibt Empfehlungen zur

Bestimmung der Energiedosis von hochenergetischer Photonen- und

Elektronenstrahlung mit Ionisationskammern, die für die Standard-

Ionendosis oder die Luftkerma kalibriert wurden. Das Ziel der

vorliegenden Arbeit war ein Test des "Code" bei 60Co-

Gammastrahlung und bei mehreren Strahlenqualitäten an vier

verschiedenen Bauarten von Elektronenbeschleunigern sowie ein

Vergleich der Ionisationskammerdosimetrie mit

Eisensulfatdosimetrie. Die Ergebnisse zeigen eine Übereinstimmung

der beiden Methoden innerhalb etwa eines Prozents bei allen

untersuchten Strahlenqualitäten. Zusätzlich wurde das

Ansprechvermögen der TLD-Kapseln des IAEA/WHO TL-Dosimetrie-

Services bestimmt.
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1.Introduction

The work which has been carried out was part of a Co-ordinated

Research Program of the International Atomic Energy Agency

(IAEA). It covered the test of 10 different types of ionisation

chambers at cobalt-60 gamma radiation, the test of two selected

types of chambers at several radiation qualities at four

different types of electron accelerators, and the determination

of the response of TLDs (LiF powder) at these qualities. It

included an investigation concerning the correction factors for

the ionisation chambers at the accelerator qualities and a

comparison of the beam characteristics of electrons produced with

the same nominal energy at different accelerators. All the

measurements have been normalized (at the accelerators via an

external monitor chamber) to the indication of Fricke ferrous

sulphate dosimeters.



2. Experimental facilities

2.1 Water phantom

The recommended measurement procedure of the Code of Practice

(COP) [1] is to locate an ionisation chamber with its effective

point of measurement in the reference depth of a water phantom.

For that purpose the IAEA cubic water phantom (30 cm x 30 cm x

30 cm) was redesigned by the OeFZS (Austrian Research Center

Seibersdorf): The carriage (2 in fig. 1) for the chamber holder

(3 in fig. 1) is now continuously adjustable. Mechanical

adjustment is obtained by using an end measuring rod between the

inner side of the window and the holder. Therefore a possible

convexity of the window due to the water pressure is eliminated.

For the experiments in electron beams (lower reference depths)

the circular window is now positioned on the inner side of the

phantom wall.

For the measurements in the accelerator beams an additional

carriage with an oblique holder for a monitor chamber has been

designed (4 in fig.l). The carriage of the monitor chamber is

kept at a fixed position, whereas the first carriage is adjusted

according to the different position of the effective point of

measurement of the individual chambers. The axis of the monitor

chamber is situated 3 cm beside the axis of the chamber under

investigation.

For each type of chamber a special holder of PMMA has been

designed with a wall thickness of 1,5 mm in the active region.

Experiments with chambers sealed in polyethylene foil were

carried out to assure that no correction for the PMMA holder is

necessary. (The influence on the reading of a Farmer chamber at

cobalt-60 gamma radiation was not larger than 0,1 percent.)

2.2 Ionisation chambers

Ten chambers of different manufacturers with different wall and



build-up-cap materials have been investigated at cobalt-60 (see

table 4) . Two types have been selected for the measurements in

the accelerator beams: The graphite walled Farmer NE 2571 and the

waterproof Delrin walled TK 01, the latter being used in water

without additional PMMA material around the active volume. The

TK 01 has been designed by the OeFZS in two different versions:

with a central electrode of graphite and of aluminium

respectively (fig. 2).

An additional chamber of the TK01 type was used as external

monitor for the accelerator measurements.

For the measurement of depth ionisation curves in electron beams

a plane parallel chamber of the NACP type was provided by the

IAEA.

The chambers (except the monitor chamber) were operated with

positive and negative polarising voltage. The average of the two

readings was taken as the "true" value.

As reference point of the chambers the effective point of

measurement was taken as recommended in fig. 11 and table VII of

the COP.

2.3 Ferrous sulphate dosimetry

Ferrous sulphate (Fricke) dosimeters have been provided by PTB

(Physikalisch-Technische Bundesanstalt, Braunschweig).

They have been issued by PTB, irradiated by BEV, and evaluated

by PTB. The irradiaton was performed with the center of the

ampoules situated in the reference depth of the phantom.

2.4 TL-Dosimetry

The determination of the sensitivity of IAEA LiF TLD capsules

[2] relative to cobalt-60 was also part of the investigation. The



capsules were provided by the IAEA, irradiated by BEV , and

evaluated by the IAEA.

2.5 Radiation sources and beam quality specification

The investigations at cobalt-60 gamma radiation have been

performed in the beam of the teletherapy unit Picker C8M/80 of

the BEV/OeFZS dosimetry laboratory [3] (air kerma rate in 1 m

about 0,35 Gy/min).

Table 1 gives a survey of the different accelerators and nominal

beam qualities which have been available in Austrian hospitals:

three linear accelerators, one of them with scanned electrons

(CGR Saturne 25), and a betatron.

The quality of the photon beams is specified by the parameter

TPR (TPR is short for "tissue phantom ratio"), that is the

ratio of the absorbed doses determined at depths of 20 cm and 10

cm for a constant source-detector distance and a 10 cm x 10 cm

field at the plane of the chamber. (See table 2.)

The energy and range parameters for the specification of the

electron beam qualities have been derived from depth ionisation

curves measured with one and the same NACP-chamber. Fig. 3 shows

the depth ionisation curves thus obtained for the same nominal

energy at the four different accelerators, the energy and range

parameters are given in table 3.

3. Performance of measurements

3.1 Measurements at cobalt-60 gamma radiation

The ten chambers of table 4 have been calibrated (with build-up

caps) in terms of air kerma free in air at the BEV/OeFZS cobalt

beam. The ND-factors were calculated using the katt and km data of

table XVIII of the COP. The chambers were placed (without build-



up caps) in the water phantom with the effective point of

measurement in the reference depth (5 cm) of the phantom. The

absorbed dose to water D(NK) was determined using the sw air value

from table XIII and the pu values from fig. 14 of the COP, except

for the chambers TK01 and CC1, where the values for pu were

calculated according to chapter 8. (Delrin is not given in fig.

14 and the wall thickness of CC1 is 4 mm.)

The values D(NK) were compared with the value D(cal), which is

the absorbed dose to water derived from the BEV primary standard

of absorbed dose, the graphite calorimeter [4] [5].

The Fricke ampoules and the TLD capsules were irradiated in the

same reference depth in the water phantom.

3.2 Measurements in accelerator beams

The Farmer chamber NE 2571 and the chamber TK01 with the graphite

electrode were used to determine the absorbed dose to water in

electron beams using equation (9) of the COP:

Dw (Peff) ^ Mu ND (Sw,air)u P U

The reference depth in the water phantom was 10 cm for photons

and 3 cm for electrons.

The output of the accelerators was monitored with the TK01

monitor chamber which was situated 3 cm beside the chamber under

investigation.

The stopping power ratios were taken from table XIII (COP) for

photons and from table X (COP) for electrons, the input parameter

in the latter case being Eo. The pu values for photons were taken

from fig. 16 (COP) for the Farmer chamber, for the chamber TK01

they were calculated according to chapter 8 (COP). Table XI (COP)

was used for the determination of the pu values for electrons.

The quotient of the response for negative to that for positive



polarising voltage against the measuring electrode is given in

table 9: A value of 0,997 i 0,001 was obtained for photon

radiation including cobalt-60 for both chambers. For electron

radiation this quotient was 1,000 within 0,1%, except for the

scanned electron radiation where values of 1,015 for the Farmer

chamber and 1,010 for the TK01 chamber were observed.

The recombination correction factors ps were obtained with the

two-voltage method, using eq. (17) of the COP with the

coefficients of tables VIII and IX (COP) repectively. They were

determined for one polarising voltage only. The values for ps for

photon radiation lay between 1,004 and 1,007 for both chambers

(for absorbed dose rates between 1,1 Gy/min and 2,7 Gy/min). The

values for electron radiation are given in table 8 together with

the approximate absorbed dose rates. The extreme large values for

the scanned radiation are remarkable.

The correction factors pcel as given in table XIX (COP) were

applied to the readings of the Farmer chamber. The ratio of the

readings of the TK01 chambers with the different central

electrodes was used to evaluate pcel experimentally. A value of

0,9975 was observed at cobalt-60. At high energy photon radiation

the experimentally obtained values for pcel did not differ more

than 0,1% from unity even at the quality X42, for which the COP

recommends a value of 1,008 for the actual electrode radius of

1 mm. At the electron qualities a value of 1,008 ± 0,002 was

obtained, whereas the COP recommends a value of 1,015. This might

indicate that the mass of the electrode is the more suitable

parameter than the radius.

After the ionometric determination of absorbed dose PTB Fricke

ampoules and IAEA TLD capsules were irradiated one after the

other, the accelerator output again being monitored by the TK01

monitor chamber.



The air kerma calibration in the BEV cobalt beam was repeated

after the accelerator measurements, the reproducibility of the

calibration factors lay within 0,1% .

4. Results

4.1 Results at cobalt-60 gamma radiation

The results obtained at cobalt-60 gamma radiation are given in

table 4. D(NK) is the absorbed to water as determined

ionometrically from the air kerma calibration following the COP,

D(cal) is the absorbed dose to water as derived from the

calorimeter. The differences between the two values are well

within the uncertainty of D(cal) which is estimated to be 0,7%.

This is even valid for the chamber CC1 which is thick-walled

without additional build-up cap and has dimensions larger than

recommended in the COP.

Two comparisons of the standards of absorbed dose to water of PTB

and BEV have been carried out with Fricke ampoules irradiated at

the BEV cobalt beam and gave the following results:

(1) D(BEV)/D(PTB) = 0,9975

(2) D(BEV)/D(PTB) = 0,9982

The uncertainty of these ratios is stated by the PTB to be 0,7% -

0,8% (la) (excluding the uncertainty of the realization of the

unit of absorbed dose at PTB).

An additional intercomparison was carried out with transfer

chambers at PTB . The data are not yet fully evaluated but they

indicate similar agreement.

4.2 Results at high energy photon radiation

The results obtained at high energy photon radiation are given

in table 6. D(NE) and D(TK) are the absorbed doses as determined

ionometrically with the chambers NE 2571 and TK01 repectively
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following the COP, D(chem) is the absorbed dose as determined

with the Fricke dosimeters. The ratio at cobalt-60 was calculated

from the results of table 4 making use of the results of the

intercomparison between PTB and BEV as mentioned in 4.1. The

uncertainty of the ratios at the acclerator qualities relative

to the ratio at cobalt-60 is estimated to be 1% .The results

indicate that the application of the COP seems to lead to an

underestimation of the absorbed dose in the order of magnitude

of about 1% with one exception: at the quality X42 (which is

produced by a betatron) a slight overestimation seems to occur.

4.3 Results at electron radiation

The results obtained at electron radiation are given in table 5.

The uncertainty of the ratios of the ionometrically and

chemically obtained absorbed doses relative to the ratio at

cobalt-60 is estimated to be 1,0% for the Betatron and the SL

75/20 machine.At these machines there is excellent agreement

between the two methods. At the scanned beam radiation of the

Saturne 25 machine the recombination corrections for the two

ionisation chambers are so far from unity (1,245 and 1,125, see

table 8) that a breakdown of the underlying determination method

was expected. But as it can be seen even these large

recombination corrections lead to a fairly good result with an

overestimation of the ionometrically determined absorbed dose of

about 1%. Additionally the agreement between the two chambers is

the same as at the other electron qualities and at cobalt-60

despite of the difference in the magnitude of the recombination

correction.

4.4 TLD sensitivities

The results of the investigation of the TLD sensitivities are

given in table 7. D(TLD) is the absorbed dose as evaluated by the

IAEA . The uncertainty of the ratio is estimated to be about 2%.



The conclusion can be drawn that the TLDs underestimate the

absorbed dose at high energy photon radiation and at 20 MeV

electron radiation by an amount of about 5%.
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Machine

PHILIPS SL 75/20

CGR SATURNE 25

PHILIPS SL 25

SIEMENS BETATRON

Photon beam
quality
(MV)

8

23

25

42

Electron
beam quality

(MeV)

20

20

20

20

Table 1: Radiation therapy machines and nominal beam qualities



Symbol

Acceleration
potential (MV)

T P R 1 0

X8

8

0,720

X23

23

0,780

X25 x

25

0,795

X42

42

0,817

Table 2: Photon beam quality specifications

Rp (cm)

R5o ( c m )

Eo (MeV)

Ep,o (MeV)

Ez (MeV)

Dx (%)

G

Betatron

9,90

7,97

18,93

20,07

11,94

2 ,8

2,39

Saturne 25

9,90

8,32

19,80

20,09

12,48

2 , 7

2,87

SL 75/20

9,65

7,55

17,89

19,56

11,14

5 , 1

2,17

SL 25

9,15

7,24

17,20

18,55

10,37

2 , 8

2,32

Table 3: Electron beam quality specifications
(nominal energy 20 MeV, z = 3 cm)



Chamber

NE 2561 (NPL)

NE 2571

NE 2581

PTW M 233641

ÖFZS TK 01

ÖFZS CC1

PTW M 233642

PTW M 23332

CAPINTEC PR-06

IC 10 (WELLH.)

Internal radius
mm

3,7

3,15

3,15

2,75

3,5

5,5

2,75

2,5

3,2

3,0

Material
wall cap

GRAPHITE

GRAPHITE

A-150

PMMA

DELRIN

GRAPHITE

PMMA

PMMA

C-552

C-552

DELRIN

DELRIN

PMMA

PMMA

DELRIN

(4 mm)

PMMA

PMMA

PMMA

PMMA

D(NK)/D(cal)

1,0005

1,0028

1,0048

1,0005

0,9995

1,0011

1,0026

1,0027

1,0026

1,0016

Mean ratio D(NK)/D(cal) : 1,0018

standard deviation : 0,0016

Table 4: Testing of the Code of Practice at Cobalt-60 gamma radiation



D(NE)/D(chem)

D(TK)/D(chem)

Betatron

1,002

0,999

SL

1,

o,

75/20

001

997

Sat

1,

1,

. 25

014

010

Table 5: Testing of the Code of Practice at electron radiation
(nominal energy: 20MeV)

Cobalt-60 X8 X23 X25 X42

D(NE)/D(chem)

D(TK)/D(chem)

1,001

0,998

0,981

0,986

0,987

0,989

0,986

0,993

1,007

1,006

Table 6: Testing of the Code of Practice at photon radiation



Cobalt-60 gamma radiation :

D(TLD)

D(chem)
= 1,016

Photons:

D(TLD)

D(chem)

Normalized
to Cobalt-60

X8

0,963

0,948

X23

0,974

0,959

X25

0,982

0,967

X42

0,972

0,957

Electrons (20 MeV) :

D(TLD)

D(chem)

Normalized
to Cobalt-60

Betatron

0,978

0,963

SL

o,

o,

75/20

952

937

Saturne 25

0,961

0,946

Table 7: TLD-sensitivities at photon and electron radiation



Absorbed dose rate
(Gy/min)

NE 2571

TK 01

Betatron

0,5

1,030

1,016

SL 75/20

3,3

1,011

1,009

SL 25

3,8

1,010

1,006

Sat. 25

4,5

1,245

1,125

Table 8: Correction for the recombination pg
in 20 MeV electron beams



M'/M* for photons (includinq 60Co) :

0,997 within 0,1% (both chambers)

M'/M+ for 2 0 MeV electrons;

Betatron, _SL _75/20,_ SL_ 25_ :_

1,000 within 0,1% (both chambers)

Saturne 25 (scanned beam):

1,025 for NE 2571
1,010 for TK01

Table 9: Quotient M"/M+ of the response for negative to that for
positive polarising voltage
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Fig. 1



TK 01 thimble chamber

Norn.Volume 0,4 cm3

chamber wall material DELP.IM

thickness 0,5mm

electrode material Al or Graphite

diameter 2mm

high voltage conductor

insulator

insulator

stem

Figure 2 Seibersdorf
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