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Abstract

This paper evaluates the characteristics of
ionization chambers for the measurement of
absorbed dose to water for medium energy x-
rays. The values of the chamber correction
factor, kd,, used in the IPEMB 1996 Code of
Practice for the UK secondary standard
(NE2561/NE2611) ionization chamber are
derived.

The comparison of the chamber responses in-air
revealed that of the chambers tested, only the
NE2561, NE2571 and NE2505 exhibit a flat
(within 5%) energy response in air. Under no
circumstances should the NACP, Sanders
electron chamber ([10,11]) or any chamber that
has a wall made of high atomic number material
be used for medium energy x-ray dosimetry.

The measurements in water reveal that a
chamber that has a substantial housing such as
the PTW Grenz chamber, should not be used to
measure absorbed dose to water in this energy
range.

The value of the perturbation correction, pu for a
NE2561 chamber was determined by measuring
the absorbed dose to water and comparing it with
that for a NE2571 chamber, for which pu data has
been published. The chamber correction factor
varies from (1.023 ± 0.03) to (1.018 ± 0.001) for
x-ray beams with HVL between 0.15 and 4 mm
Cu. The values agree with that for a NE2571
chamber within the experimental uncertainty.

1. INTRODUCTION

Dosimetry for medium energy x-rays is based on
using a suitable ionization chamber that has been
calibrated in terms of air kerma [1,2,3]. The
absorbed dose to water is then determined at the
reference depth in water by applying appropriate
correction factors (for example, see equation 1).
For radiotherapy purposes it is essential that each
stage of this process is precise so that the dose
received by a patient is accurate to within 3% [4]
to 5% [5].
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In 1987, the IAEA revived the debate on the
measurement of absorbed dose to water using
medium energy x-rays by publishing a Code of
Practice [2]. Before the publication of this code,
dosimetry in this energy range had not been
addressed since the publication of ICRU Report
23 in 1973 [1]. The IAEA code (IAEA TRS-277)
contributed greatly to the understanding of
medium energy dosimetry by separating the old
F-factor into its constituent parts, namely the
ratio of mass energy absorption coefficients of
water to air ( ^ j p \ and the perturbation

factor (pu).
According to IAEA TRS-277 [2], the absorbed
dose to water (Dw) is given by:

= Mu.NK.ku
W,air

(1)

where:

M,, is the instrument reading
corrected to the same ambient
conditions as the calibration
factor,

NK is the air kerma calibration factor
of the instrument for standard
ambient conditions and for the
radiation quality of the incident
beam in air,

ku is a factor that accounts for
variations in spectral distribution
of x-rays used for the ionization
chamber calibration free in air
and that used by the user in
water,

(u I'o\ is the ratio of the mass energy
V ^ «" / ^ ) W ,air

absorption coefficients of water
to air averaged over the photon
spectrum at 5 cm depth in water,

pu is the perturbation factor.

There is some discrepancy in the International
Codes of Practice on the definition of medium
energy x-rays; the IPEMB Code [3] defines it as
0.5 to 4 mm Cu HVL, whereas the IAEA Code
[2] ranges from 100 to 280 kV (0.17 to 3.37 mm
Cu HVL). The interesting dosimetry problems
occur below 0.5 mm Cu HVL, therefore in this
paper medium energy x-rays will be defined as
beams with HVL ranging from 0.15 to 4 mm Cu.

The main problem associated with the use of the
original edition of IAEA TRS-277 [2] is that the
value of the absorbed dose to water so
determined is greater than that obtained using
other codes by as much as 12.5% at 0.15 mm Cu



HVL (see Figure 1). This is due to the proposed
values of Cz /D\ and the most controversial

V* en I r Jw air

is the large value of the perturbation factor,
quoted in IAEA TRS-277.
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Figure 1 Comparison of the factors to convert the air kemna
measured using an ionization chamber to absorbed dose to
water at 5 cm depth in water.

Since the introduction of IAEA TRS-277, many
groups have investigated these problems; in 1992
the IAEA [6] revised their values of the
perturbation factor and re-issued IAEA TRS-277
in 1997. In the UK, the IPEMB [3] has published
a new Code of Practice.

The aim of this work was to investigate
ionization chambers for their suitability for use
in medium energy x-ray dosimetry and to
determine the perturbation factor for the UK
secondary standard chamber (NE2561/NE2611).

2. IONIZATION CHAMBERS
SUITABLE FOR MEDIUM
ENERGY X-RAY DOSIMETRY

2.1. REQUIREMENTS OF AN
IONIZATION CHAMBER

According to ICRU Report 23, the desirable
features of an ionization chamber for the
measurement of absorbed dose to water are:

1. The variation in response of the chamber in-
air should not exceed 5% over the medium
energy x-ray range.

2. The internal diameter should be about 5 mm
and length 15 mm, chambers with dimensions
more then twice these values should not be
used.

3. The stem of the chamber should not
significantly affect the response of the
chamber.

4. The wall thickness should be greater than the
range of the secondary electrons to ensure
that the electrons entering the cavity originate
in the wall and not in the surrounding
medium.

5. The polarizing potential should be high
enough so that ion recombination is
negligible in the chamber.

In addition, a chamber with good spatial
resolution would be an advantage, in view of the
rapidly changing shape of the depth dose curves
over this range of x-ray beam qualities.

Generally, ICRU points 3, 4 and 5 are not
normally a problem with modern ionization
chambers. Initially, the energy response in air of
a number of chambers (those that achieve points
2 to 5 of the above ICRU recommendations)
were investigated.

2.2. MEASUREMENT OF IONIZATION
CHAMBER RESPONSE IN-AIR

Three types of parallel-plate and four types of
cylindrical ionization chamber were calibrated
in-air over the medium energy x-ray qualities
(see Table 2) by direct comparison with the
primary standard free air chamber at the National
Physical Laboratory (NPL). The measurements
were made with the reference point of the
chamber 75 cm from the source, with a beam
diameter of 6 cm. The details of the ionization
chambers are given in Table 1.

The thin window of the PTW Grenz chamber
was not thick enough to stop the secondary
electrons produced in the surrounding medium
entering the chamber cavity. It was therefore
calibrated with a 1 mm thick Perspex (PMMA)
plate over its window.



TABLE 1. IONIZATION CHAMBERS CALIBRATED IN-AIR

Type

Parallel plate chambers

Grenz Type M23344

Sanders electron chamber
(E5)([ll],[12])

NACP electron chamber

Cylindrical chambers

Farmer type 2505/3

Farmer type 2515/1

NE2561 (NPL secondary
standard)

Experimental*

Manufacturer

PTW

NPL

Scanditronix

N E
Technology

N E
Technology

N E
Technology

NPL

Sensitive
volume (cm3)

0.2

0.3

0.16

0.6

0.22

0.3

0.3

Chamber wall

0.03 mm CH3

35 im Cu on 1 mm
Perspex

0.5 mm graphite +
0.1 mm Melinex

approx 0.5 mm
graphite

0.3 mm graphite

0.5 mm graphite

approx. 0.5 mm Al

Polarizing
potential (V)

-200

-200

-200

-200

-200

-200

-200

*Design based on a NE2561 chamber but with the graphite wall replaced by one made of aluminium.

TABLE 2. PRIMARY IN-AIR X-RAY QUALITIES

Generating Potential (kV) Half Value Layer

mm Al mm Cu

Added filters (mm)

(a) Inherent filtration 2.5 mm Be + 4.8 mm Perspex

100

105

135

(b) Inherent filtration 4 mm Al equivalent + 4.8 mm Perspex

180

220

280

4.0
5.0

8.8

.8 mm Perspex

12.3

16.1

20.0

0.15
0.20

0.50

1.0

2.0

4.0

4.4 Al
0.10 Cu+1.0 Al
0.27 Cu+1.0 Al

0.42 Cu+1.0 Al
1.20 Cu+1.0 Al

1.4 Sn + 0.25 Cu



2.3. RESULTS AND DISCUSSION

Some of the chambers investigated in this paper
were not designed for use in medium energy x-
ray beams. However, all of the chambers have
their own unique characteristics that were
interesting to investigate over the medium energy
x-ray range.

Figure 2b shows that for the cylindrical graphite
walled chambers investigated in this work, the
NE2561 and the two Farmer type chambers, have
a response in-air that does not vary by more than
5% over the medium energy x-ray range.

However, it can be seen from Figures 2a and 2b,
that the PTW Grenz chamber, NACP electron
chamber, the Sanders electron chamber and the
NE2561 chamber with an aluminium wall are
unacceptable for accurate medium energy x-ray
dosimetry, as their air kerma energy responses
vary by more than 5% over the medium energy
range of x-ray beam qualities. The large variation
in response of the Sanders electron chamber and
modified NE2561 chamber is due to the wall of
the chambers being made of high atomic number
material. The PTW Grenz chamber is almost
within the limit; in this case the additional 1 mm
perspex window will attenuate the beam and
some compensation is provided by backscatter
from the perspex housing. The NACP chamber
does not contain any high atomic number
materials and therefore its response falls at low
energies due to attenuation of the primary beam.

There are components of an ionization chamber
that can be altered to achieve a response that is
independent of energy; the chamber wall and the
central electrode. The material of the wall should
be air equivalent and its thickness must be greater
than the maximum electron path to achieve
charged particle equilibrium (transitory). This
creates problems at the lower photon energies
since the incident photons will be attenuated by
the wall. To compensate for this attenuation, the
central electrode can be made of a higher-atomic
number material, such as aluminium, that emits
photo-electrons at low energies. Chambers such
as the NE2561, NE2571 and NE2505 use this
method to achieved the desired beam quality
response.

Sanders electron chamber
NE2561 with Al wall
NE2561

• f

HVL (mm Cu)

Figure Za Comparison of ifie response ol the Sanders chamber,
a NE2561 with an Aluminum wall and a NE2561 chamber.
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Figure 2b Comparison of the response of ionisation chambers in air

3. THE PERTURBATION FACTOR

There has been considerable debate about the
definition of the perturbation factor (pu). IAEA
TRS-277 states that the values quoted for the
perturbation correction are due to the replacement
of the phantom material by the air cavity of the
ionization chamber solely. Whereas, the review of
the data [6] by the IAEA states that the
perturbation factor accounts for any differences in
the response of the chamber when calibrated in
air and used in a water phantom.

It is clear from this definition that the
perturbation factor will depend on the type of
ionization chamber, the field size, depth in water
and the waterproof sleeve.

There are two controversial aspects of the
perturbation correction given in IAEA TRS-277,
namely, it has a value greater than unity and has a
value as large as 10% at 0.15 mm Cu HVL.

The physical reasons for the perturbation
correction being greater or less than unity are as
follows. Liden [7] considered that the
replacement effect (known as the perturbation



factor in IAEA TRS-277) would be due to the
combination of three effects namely:

a) the decreased attenuation of the primary beam,

b) the decreased attenuation of the scattered
radiation,

c) the reduced scattering from the displaced
volume.

The first two effects are important at very low
energies (less than 30 keV), whilst the third effect
plays an increasing role at higher energies. Over
the medium energy x-ray range one would expect
the first two factors to increase the photon fluence
in the cavity and the third to decrease it. These
effects partly cancel but will probably result in
the photon fluence at the centre of the chamber
being too high and so the replacement correction
is expected to be less than unity. Harrison [8]
confirmed this by sandwiching a sheet of water
equivalent Gafchromic radiation sensitive film
between two blocks of solid water equivalent
material. Each block contained half a cavity
corresponding to the outer dimensions of a
NE2571 chamber. The phantom was then
irradiated with a 10 x 10 cm2 field at SSD 100 cm
at beam qualities of 60, 90, 140 kVp (2.2, 3.3 and
5.2mmAlHVL respectively). Harrison found
that the cavity showed a higher optical density
than its surroundings, showing a replacement
correction less than unity.

To avoid confusion, in this article the definition
of the perturbation factor is given by:

Pu ~ (2)
where

k,,

/rep

•sleeve

corrects for the energy and angular
dependence of the response of the
ionization chamber in the water phantom
compared to its calibration in air,

accounts for the influence of the stem on
the response of the ionization chamber
free in air and in water,

accounts for the replacement of the
phantom material by the active volume of
the ionization chamber, (this corresponds
to the perturbation correction in IAEA
TRS-277),

accounts for the effect of the waterproof
sleeve on the response of the ionization
chamber.

4. DETERMINATION OF THE
PERTURBATION FACTOR

4.1. PRINCIPLE

The perturbation factor for an ionization chamber
can be found by comparing the absorbed dose to
water with that measured using a chamber with a
known perturbation factor. From equation (1), for
two different chambers,

-P.
W,air

(Dw)2

Hence:

(3)

.P.
W,.air

_

(PU)2 (M.NK)

(4)

The subscripts 1 and 2 refer to the different types
of ionization chambers. The most recent data
published for the perturbation factor is that for a
Farmer type NE2571 ionization chamber
(Seuntjens [12], Seuntjens [13], Ma [11]);
therefore, this will be taken as chamber 2. The
construction of a Farmer type NE2571 chamber
and type NE2505/3 are identical.

4.2. METHOD

The responses of the Farmer type 2515/1, the
PTW Grenz, the aluminium walled NE2561 and
the NE2561 chambers were compared with the
response of the Farmer type NE2505/3, 3A
(graphite wall) chamber, both in-air and at 2 cm
depth in water. The measurements in water were
carried out using the same primary beam qualities
(see Table 2) and geometry as used for the
calibrations in-air. The water phantom had a
cross-sectional area of 31 x 41 cm and was 31 cm
deep. This phantom contained a thin entrance
window 2 mm thick.

4.3. RESULTS

Figure 3 shows that the values for the
perturbation factor, pu, for the graphite walled
chambers are very similar. The aluminium walled
NE2561 chamber shows a maximum deviation of
12% from unity at 2 mm Cu HVL. This is due to



its large energy dependence (see Figure 2) and the
change in the photon spectrum in the phantom.

Figure 3 also shows that the variation of the
perturbation factor for the PTW Grenz chamber
compared with the perturbation factor for the
Farmer chamber varies by 8% between 0.15 and 4
mm Cu HVL.

Table 3. Measured pu factors for a NE2561
chamber

• Farmer type 2515/1
A NE2561
T PTW Grenz
• Al walled 2561

10
HVL (mmCu)

Figure 3 Comparsion of perturbation factors.

5. THE PERTURBATION
CORRECTION FOR A NE2561
CHAMBER

The perturbation factor for a NE2561 ionization
chamber was determined using the method
described in Section 4. Values of pu for a NE2571
ionization chamber have been recently published
(Seuntjens [12], Seuntjens [13], Ma [11]).
Unfortunately, the data differ by up to a
maximum of 3.9% at 0.5 mm Cu HVL. In this
paper, the perturbation factor for a NE2571 has
been taken as the arithmetic mean of these factors
and the uncertainties increased accordingly.

The values of pu, for the NE2561 chamber given
in Table 3, were derived from equation (4) and
have been adopted in the new IPEMB 1996 Code
of Practice [3].

HVL

mm Al

4.0

5.0

8.3

11.9

15.2

19.3

mmCu

0.15

0.20

0.5

1.0

2.0

4.0

pu,2561

1.023

1.023

1.023

1.022

1.020

1.018

Uncertainty
(16)

3

2

1.7

1.5

1.5

0.1

6. THE RATIO OF MASS ENERGY
ABSORPTION COEFFICIENTS
OF WATER TO AIR

The differences between the values of the ratio of
mass energy absorption coefficients of water to
air (77 /J\ given in IAEA TRS-277, ICRU

\r* en I r ) w ajr

Report 23 and IPEMB [3] are mainly due to the
method of averaging the monoenergetic values of
the mass energy absorption coefficient over the
spectrum at the point of measurement in water.
ICRU Report 23 obtained values of
Cu I' o\ by using an equivalent photon
\T en I ^ !w ,alr

energy. This was defined as the energy of a
monoenergetic beam that had the same half value
layer (HVL) as the radiation being considered.
The effect on the equivalent photon energy due to
scattering and filtration at a depth in the water
phantom was allowed for by using factors given
in ICRU Report 10b [14]. The values of
Cu /o) g i v e n i n I A E A TRS-277 and the
\f* en I r Jw air

IPEMB Code of Practice were calculated using a
two-step process. Firstly, the photon fluence
spectrum at the reference depth in the phantom
was calculated using Monte Carlo techniques
based on a typical clinical 'in air' spectrum. Then
the monoenergetic values of the mass energy
absorption coefficients were averaged over the
photon fluence spectrum at the reference depth in
water.
Another minor difference between the codes is
the value adopted for the monoenergetic mass
energy absorption coefficient. IAEA TRS-277 [2]



and the IPEMB Code of Practice used values
given by Hubbell [15] whereas ICRU Report 23
used values given by Berger [16]. The maximum
difference between the two sets of monoenergetic
values is 1% for energies between 10 keV and
300 keV.

shows that recent values of
published in the literature support the

Figure 4

C"..//>)„.«
values given in IAEA TRS-277, except for those
published by Ma [11] whose values at the lowest
energy are closer to those given in ICRU Report
23 [1].
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Figure 4: Comparison of the ratio of mass energy absorption
coefficients of water to air.

7. CONCLUSION

In this paper the comparison of the chambers
response in-air revealed that of the chambers
tested only the NE2561, NE2571 and NE2505
exhibit a flat (within 5%) energy response in-air.
Under no circumstances should the NACP,
Sanders electron chamber or any chamber that
has a wall made of high Z-material be used for
medium energy dosimetry with an air kerma
based Code of Practice.

The measurements in water reveal that those
chambers with a substantial housing, such as the
PTW Grenz chamber, should not be used to
measure absorbed dose to water. In air, the
chamber is measuring a large contribution due to
backscatter as the housing is acting as a small
phantom. In the water phantom, the chamber is
measuring a similar backscatter contribution as in
air. Therefore, pu should have a value close to that
of the backscatter factor.

A useful method of determining an unknown
perturbation factor is by comparison with a
chamber with a known perturbation factor. The
measurements reported here indicate that the
values of pu for a NE2561 agree with those known

for a NE2571 within the large experimental
uncertainty. These values of the perturbation
factor for the NE2561 and NE2571 have been
adopted in the IPEMB 1996 Code of Practice.
The large uncertainty (±3%) attached to the value
of the perturbation factor for the NE2571
chamber limits the precision with which the
perturbation factor for the NE2561 can be
determined. This result should not be used to
imply that all chambers used for therapy level x-
ray dosimetry have the same value of perturbation
factors.

7.1. DESIRABLE FEATURES OF AN
IONIZATION CHAMBER USED TO
MEASURE ABSORBED DOSE TO
WATER

For an air equivalent ionization chamber the
desirable features are given in ICRU Report 23.
Additional characteristics have become apparent
whilst performing this work and are listed below.

1. The chamber should be watertight to eliminate
the need for a waterproof sleeve.

2. To reduce the stem correction factor k ,̂ the
diameter of the chamber stem should be as
small as possible and the material used to
manufacture the stem should have a low
atomic number.

3. The components used to construct the
ionization chamber should have as low an
atomic number as possible.

4. The size of the chamber should be as small as
possible, provided the ionization current can
be measured with the required uncertainty.

5. The wall of the chamber should be just thick
enough to ensure all electrons entering the
cavity originate in the wall of the cavity and
not in the surrounding medium; wall
thicknesses greater than this should never be
used.

6. The amount of material in the vicinity of the
sensitive volume of the chamber should be
minimized to reduce backscatter into the
cavity.

7. For chambers to exhibit a flat (within 5%)
energy response in-air some method of
compensation is required. Chambers without
any compensation, such as those used for
electron dosimetry, should not be used for
medium energy x-ray dosimetry.
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