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Abstract

Monte Carlo simulations using MCNP4A and experimental work have been performed to evaluate the
contribution of electrons that are produced in air from a 6 MV x-ray beam produced by a medical linear
accelerator. Results show that up to 9% of applied dose is delivered to a patient's skin surface from electrons

excited in the irradiated air column. For most ®eld sizes this constitutes approximately 30% of dose delivered to this
region. This study gives clinically relevant information on the origins and quantity of electrons at the skin of
patients undergoing radiation therapy. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The use of medical linear accelerator x-ray beams
for radiotherapy applications produces a `dose build

up' (Butson et al., 1996a; Nilsson and Sorcini, 1989;
Biggs and Russell, 1983) which provides a skin sparing
e�ect where a lower dose is given near the surface

compared to dose at greater depths. Two main contri-
butions to the dose at the skin site (which for our pur-
poses extends from the surface of interaction down to

2 mm depth) are (i) electrons generated by primary
and secondary photon interactions within the patient
and (ii) electrons produced outside the patient but inci-
dent on the patient (electron contamination).

To evaluate electron contamination produced by the
air column located between the x-ray source and the

patient's skin, Monte Carlo simulations are set incident

on a water phantom with varying con®gurations of air
and vacuum for a high energy 6 MV x-ray spectrum.
Experimental measurements where electrons excited

from within the air column are eliminated are
reported. By comparing Monte Carlo simulations and
experimental work, an estimate of the percentage con-

tributions to dose from the electrons originating in the
air column, other sources of electron contamination
and in phantom photon interactions can be made for

the basal cell layer (0.07 mm) (Williams et al., 1989;
Turesson and Thames, 1989) and the dermal layer
(1 mm) of skin.

2. Materials and methods

Monte Carlo simulations were performed to simulate
both the x-ray in-phantom interactions and the dose
deposition from the air column above the patient. The

Monte Carlo Neutron Photon 4A (MCNP 4A), Monte
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Carlo code (Breismeister, 1993) was used where vary-
ing volumes of air were simulated by changing the
boundary conditions for a layer of air above the simu-

lated water phantom. This approach accounts for elec-
trons generated directly by x-ray interactions within
the air. It does not simulate accelerator head produced

electron contamination or `knock on' electrons pro-
duced in the air column by accelerator head produced
electrons. A 6 MV spectrum which calculates depth

dose within 2% of the experimental results from dmax
to 30 cm was used (Mohan et al., 1985). In each case,
20 Million histories were scored. Voxel size was vari-
able depending on the accuracy of results required and

ranged from 0.1 mm thickness up to 5 cm thickness.
That is, 0.1 mm thick voxels were used in the ®rst
2 mm. 1 mm thick voxels were used from 2 to 20 mm.

1 cm thick voxels were used from 2 to 10 cm and 5 cm
thick voxels from 10 to 30 cm. All voxels had a surface
area of 5 � 5 cm for simulations.

For experimental removal of air generated electron

contamination a helium bag system was constructed
from 0.05 mm thick plastic with thin wire edges and a
valve with dimensions 40 � 40 � 20 cm. Wire edges

were inserted ®rstly to add weight to the device and
secondly so the device could be molded to form an
irregular patient shape if required. The helium bag was

positioned under the x-ray beam with direct contact to
the phantom to eliminate air near the measuring
chambers. Percentage dose build up curves were

measured on the central axis of a 6 MV x-ray beam
for various beam con®gurations and energies.
Measurements were performed with an Attix parallel
plate ionisation chamber (Kron and Ostwald, 1995) in

the build up region in a solid water slab phantom
(Constantinou et al., 1982) of dimensions
30 � 30 � 30 cm. Reproducibility of measurements for

this con®guration was found to be 20.5%. The over
response of this type of chamber was calculated to be
less than 1% at the surface for 6 MV x-ray beams

(Rawlinson, 1992). The electron contamination pro-

Fig. 1. Dose calculated by Monte Carlo simulations in the ®rst 2 mm of water with varying thicknesses of air directly above the

phantom.
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duced by the air column was calculated by comparison

of the build up dose results for open ®elds with and
without the helium bag system.

3. Results

Fig. 1 shows Monte Carlo simulations in the ®rst

2 mm of water as the thickness of air directly above
the phantom was varied. All results were normalized
to 100% at Dmax. Results quoted are for a 10 � 10 cm

®eld size at 100 cm SSD. An increase in extrapolated
surface dose of approximately 421% was seen when
the thickness of air directly above the phantom was

increased from 0 to 20 cm. A further increase in sur-

face dose of 1.5% was seen when the air thickness was
increased to cover the entire 100 cm SSD. These results
are shown in Fig. 2 which also shows a percentage

dose at 0.3 mm depth as the air column height is
increased. A negligible increase in percentage dose was
recorded beyond a 3 mm depth with the MCNP simu-
lations when the air thickness was varied.

Measured percentage surface dose for open ®elds,
calculated surface dose for MCNP simulations with a
vacuum and including 100 cm of air are shown in Fig.

3 as a function of square ®eld size. Percentage surface
dose increases negligibly when only photon in-phan-
tom scatter is considered as shown by the MCNP/vac-

Fig. 2. Calculated percentage surface dose and dose at 0.3 mm in water for a 6 MV x-ray beam as the air thickness above the

phantom is increased from 0 to 100 cm.

M.J. Butson et al. / Radiation Measurements 32 (2000) 105±111 107



uum results. Approximately 4±6% of Dmax is recorded
at the surface for ®eld sizes from 10 � 10 cm up to
40 � 40 cm. When air is introduced to the simulations,
surface dose increases with ®eld size from 10% at

10 � 10 cm up to 18% at 40 � 40 cm. Large increases
were seen in experimental data which include photon
in phantom scatter, air generated electrons and other

accelerator head produced electrons.
Results for experimental veri®cation of the quantity

of electrons excited within the air column are shown in

Fig. 4. These values are obtained subtracting percen-
tage dose results for helium measurements from open
®eld results. The dose removed is maximum at the sur-

face and falls o� quickly. At a depth of 3 mm virtually
no di�erence is seen in the dose which corresponds to
Monte Carlo simulations. The short range of dose de-
position implies that the contamination electrons pro-

duced in the air directly above the patient are
relatively low energy.

4. Discussion

Monte Carlo simulations show an increase in the
number of electrons excited in the air by x-ray inter-
actions as ®eld size is increased. An increase from 10

to 18% is seen from ®eld sizes 10 � 10 cm to
40 � 40 cm. Measured contributions to surface dose
from the air column are 4% of the dose at dmax for

10 � 10 cm, 6% for 20 � 20 cm and 7.5% for
40 � 40 cm respectively. These values are 4%, 7% and

9% respectively for MCNP simulations with the same
con®guration of air column. The helium is expected to
contribute a small amount to the production of elec-

trons. However, its density compared to air is 6.8
times less, thus we expect experimental results to be
approximately 15% smaller than simulations for the

amount of measured contamination.
The physical density of air at NTP is 1.205 kg/m3,

compared to 1000 kg/m3 for water. The relative elec-

tron density is 0.0012, producing a range of electrons
in air approximately 3 orders of magnitude larger than
their range in water. Monte Carlo simulations show
that the last 20 cm of air produce approximately 70%

of dose due to the entire air column. Thus statistically,
30% of the electrons produced should have a range in
air greater than 20 cm or 0.2 mm in water.

Experimental results show that less than 40% of the
dose at the surface is measured at a 1 mm depth.
Experimentally, air is still present above the helium

layer and electrons generated would travel a greater
distance due to the presence of helium.
By comparing the measured and simulated percen-

tage build up dose results at 0.07 mm and at a 1 mm
depth, due to photon in-phantom dose and air gener-
ated electrons, Figs. 5 and 6 were produced. They
show the percentage by ratio contribution to basal

layer (0.07 mm) and a dose at 1 mm for each com-
ponent. At the basal layer, only a small contribution is
deposited by photons and the majority by machine

head produced electrons and air generated electrons.
(Machine head produced electron contamination was
assumed to be all dose remaining at this site after the

photon component and air generated component have
been separated.) At 1 mm, phantom scatter deposits
the majority of the dose however at larger ®eld sizes,
head generated electrons deposit a comparable dose to

the phantom scatter.

5. Conclusions

Signi®cant contributions to skin dose in radiother-
apy for 6 MV x-rays are due to electrons excited in the
air column between the target and the patient. The last
20 cm of air seems to contribute to the majority of

electrons. Experimental veri®cation of the contribution
to skin dose from the air column is in agreement with
the Monte Carlo simulations. This study may give

some clinically relevant information on the origins of
electrons on the skin of patients undergoing radiation
therapy. By placement of the helium bag over a

patient's skin during radiotherapy to eliminate the air
column, a reduction in the skin dose up to 6% of the
applied dose could be achievable.

Fig. 3. Surface dose as a percentage of dose at Dmax for 6

MV x-rays in three beam con®gurations. Experimental data

shows a large surface dose due to all electron contamination.

Monte Carlo generated results with an air column and vac-

uum have smaller surface doses.
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Fig. 4. Measured electron contamination produced within the air column by x-ray interactions. Results are derived from the sub-

traction of a percentage build up of dose measured with helium in the beam compared to an open ®eld build up dose.
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Fig. 5. Percentage dose contribution to skin at the basal cell layer (0.07 mm) from the photon interactions in phantom, air gener-

ated electron contamination and accelerator head generated electron contamination.
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Fig. 6. Percentage dose contribution to skin at the dermal layer (1 mm) from the photon interactions in phantom, air generated

electron contamination and accelerator head generated electron contamination.
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