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In this paper, we simulate the exposure factor by a simple model of a free-air ionization chamber with the Monte

Carlo programme Geant4. Special emphasis is placed on the discussion of the exposure factor related to parameters of

the chamber model. The reason for the variation in exposure factor with incident ray energy is also analysed in terms

of reaction cross section for different types of reactions. The obtained results indicate that our simulation is accurate

in the calculation of the exposure factor and can serve as a reference in designing air ionization chambers.
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1. Introduction

The exposure dose is used to describe the ioniza-
tion power of x or gamma rays in air. In actual work,
the ionization power is usually evaluated by the flu-
ence and exposure factor, which should be accurately
measured in advance and tabulated. A lot of work has
been done on the exposure dose and the associated
measurement instrument, i.e. the ionization cham-

ber.
and usually needs correction due to the influence of

But the measured exposure dose is inaccurate

the geometry structure of the ionization chamber.[!—3]
Monte Carlo simulation can save the cost of measure-
ment instruments and overcome some physical diffi-
culties, but it still can ensure that accurate results are
obtained and offer some guidance in designing mea-

surement instruments.[4

The remainder of the present paper is organized
as follows. In Section 2, the measurement of exposure
dose and the calculation of the exposure factor are pre-
sented. In Section 3, the simulation system and the
Monte Carlo program are described. The simulations
and analyses are given in Section 4. Finally, the con-
clusions drawn from the present study are provided in
Section 5.

2. Measurement of exposure dose
and calculation of exposure

factor

2.1. Free air ionization chamber

The exposure dose is used to describe the ioniza-
tion power of x or gamma rays in air and is defined as
X = dQ/dm, where dQ is the absolute value of the
total charge of the like-sign ions produced in air when
all the electrons (+ or —) liberated by photons in air
of mass dm are completely stopped in air. %]

The free-air ionization chamber serves as a stan-
dard instrument to measure the exposure dose, and is

(6]

widely used in standards laboratories.'® Its structure

is schematically shown in Fig.1.

The light fence D is the cross section with area
€, which restricts the x or gamma rays incident into
the air parallel plates of the chamber. A and B are
the high voltage electrode and the collecting electrode
of the ionization chamber respectively, and B1 and
B2 are the protection electrodes. To insure that sec-
ondary electrons do not reach the electrode and that
the electron balance condition holds, the vertical dis-
tance from the edge of the x or gamma ray bundle to
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the electrode, the distance L1 from the front edge of
electrode plate B to the light fence D, and the dis-
tance L2 from the rear edge of the electrode plate B
to the exit of the rays should be at least longer than
the maximum range that the secondary electrons can
reach in air. Under those conditions, all the ions that
are engendered in the collecting volume bounded by
protecting wire and electrodes A and B, are produced
by the electrons that are liberated by x or gamma rays
in the measuring volume V (shaded area in Fig.1).
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Fig.1. Schematic of free-air ionization chamber structure.

The cross section of the incident ray bundle is
inversely proportional to the square of the distance
from the measuring spot to the source and the expo-
sure dose. So, the total charge of like-sign ions in the
ionization chamber, liberated by the secondary elec-
trons produced in the measuring volume, @, is given
by @@ = XeLp, thus

Q

where X in CKg~! is the exposure dose produced by
x or gamma rays at the light fence D, £ (in m?) is the
cross section of the light fence, L (in m) is the effective
length of the collecting electrode, p (in kgm~3) is the
density of air under standard atmospheric pressure.
The free-air ionization chamber can be used to
measure X or gamma ray exposure dose very well. But
when the energy of the incident rays is high, thus the
maximum range of the secondary electrons is large
(the simulation later shows that when the energy is
3 MeV, the maximum range of the secondary electron
can reach 14 m, which means that a huge chamber
with a vertical height of at least 28 m is needed), a very
large free-air ionization chamber or high-pressure ion-
ization is needed to satisfy the electron balance con-
dition. It is technically difficult to make such a huge
ionization chamber. However, when the energy of the
incident rays is low, a great error will occur due to the

absorption by air. Owing to these factors, the actual
energy range of the measured rays is usually limited
to a range of 50 keV-3 MeV. However, the physical
limitation can be eliminated in Monte Carlo simula-
tions, and in the low energy region, effective incident
ray counting can be used to remove the absorption
effect.

2.2. Exposure factor

The exposure dose of monoenergetic x or gamma
rays has a relationship with its fluence as follows:

x=peo () () =hee @

where F is the energy of the radiation; ¢ is its fluence;

<Hen> is the energy absorption coefficient of air for
P air

the given monoenergetic x or gamma rays in units of
m?kg~!; e is the electron charge 1.602 x 10712 C; Wy,
is the average energy absorption that leads to the for-
mation of a pair of ions, which is equal to 33.85 eV;

fx = F- <Men> : ( ¢ ) is the exposure factor,
P air Wair

which is equal to the exposure dose corresponding to

a unit fluence, in units of Ckg~tm?.

Using expressions (1) and (2) and the definition
of the fluence ¢ = N/al® yields

X Q  Eq 160251071

f":E:p-L-N_ 3385-p-L-N ' 3)

where FEj is the total energy deposition of the inci-
dent rays in the free-air ionization chamber, in units
of eV; N is the number of x ray or gamma ray photons
incident into the chamber through the light fence.

3. Simulation system and Monte

Carlo program

This simulation is performed on the operation sys-
tem ScientificLinux 4.3.2. The gcc version is 4.3.5.
The simulation program is Geant4.] The Monte
Carlo program Geant4 is developed by the RD44 and
Geant4 collaborations.!8 Tt is flexible and easy to
modify for an open source compared with other large
Monte Carlo programs, such as MCNP.[%! Tt is the first
Monte Carlo simulation program that adopts object-
oriented technology for the simulation of the parti-
cles passing through matter. It has been used in a

large number of areas, such as high energy physics,
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astrophysics and space science, medical physics and
radiation protection. Its functionality and modeling
capabilities will continue to be extended, and its per-
formance will be further enhanced correspondingly.'?!

4. Simulation and analysis
4.1. Free-air ionization chamber model

According to the above discussion, a simple free-
air ionization chamber is built as shown schematically
in Fig.2, where F' is the distance from the source to
the effective volume of the ionization chamber; L is
the effective length (the effective electrode length) of
the chamber; H is the distance between electrodes of
the ionization chamber.

the effective length L

source

e
a

Fig.2. Schematic of the ionization chamber model.

As shown in formula (3), the exposure factor is
independent of the light fence, for the exposure dose
and the fluence are both inversely proportional to the
distance between the source and the light fence, the
net effect is independent of the exposure dose in the
presence of the light fence (the fence dose influences
the exposure dose, and its effect has been discussed
in Ref.[11]). According to formula (3), the exposure
factor is a function of total energy deposited in the
effective region of the chamber, incident particle num-
ber, and effective length of the ionization chamber,
with the other parameters being constant.

4.2. Relation between energy deposition
and effective length

For a given number of incident ray photons, the
curves for the simulation relation between the effec-
tive length of the chamber and the energy deposited
in the effective volume of the ionization chamber for
different ray energies are shown in Fig.3.
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Fig.3. Curves for the ratio between energy deposited in
the ionization chamber and the effective length of the
chamber as a function of the effective length of the ioniza-
tion chamber for different energies of incident rays.

In Fig.3, the vertical axis represents the ratio of
deposited energy to the effective length of chamber (in
units of MeV/cm), the horizontal axis refers to the ef-
fective length of the ionization chamber (in units of
cm). It is apparent that the deposited energy changes
slightly with the energy of the incident rays, which
is caused by the stability of the exposure factor and
represents that for a given number of incident ray pho-
tons, the energy deposited in unit length in air is con-
stant. So, the exposure factor is independent of the
effective length of the ionization chamber, and this fac-
tor can be ignored in the simulation of the exposure
factor.

4.3. Maximum track length of secondary
electrons

According to the working principle of the free-air
ionization chamber, the dimensions of the chamber
should be at least larger than the maximum range
of secondary electrons (Fig.2), which means that F
should be at least larger than the maximum range
of secondary electrons in air to maintain the electron
balance and that H should be at least larger than
twice the maximum range to avoid electrons touch-
ing the electrodes. So, the maximum range of sec-
ondary electrons in air must be considered. With the
powerful simulation and the detailed step information
of Geant4, several simulations of the maximum track
length of secondary electrons have been carried out,
and the results are listed in Table 1.
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Table 1. Maximum track length of secondary electrons produced in the chamber (a million injection rays).
ray energy/keV 10 15 20 30 40 50 60 80 100 150
maximum track length 4.048 mm 8.297 mm 1.273 cm 2.485 cm 3.880 cm 6.122 cm 7.298 cm 12.343 cm 16.728 cm 31.718 cm
ray energy/keV 200 300 400 500 600 800 1000 1500 2000 3000
maximum track length 44.213 cm 82.382 cm 1.273m 1.998 m 2178 m 3.022m 4.545m 6.418 m 9.101 m 14.468 m

It can be seen from Table 1 that the maximum
track length of secondary electrons varies significantly
as the energy of the incident rays increases, the higher
the incident energy is, the longer the track length is.
For instance, when incident energy is 10 keV, the track
length of the secondary electrons is merely 4.05 mm,
but when the incident energy increases to 3 MeV, the
track length reaches 14.47 m, and accordingly the elec-
trode distance should be at least larger than 29 m. It
is not easy to make such a big ionization chamber
when its cost is considered. Here, the Monte Carlo
simulation can manifest its advantage.

Figure 4 shows the tracks of secondary electrons
for different incident energies in air, with the incident
gamma rays hidden. The lines in the rectangle are the
actual tracks of electrons.

(a) 10 keV (b) 200 keV

(c) 400 keV (d) 600 keV

Fig.4. Tracks of secondary electrons produced in air by
incident rays with energies: 10 (a), 200 (b), 400 (c), and
600 keV (d), where the initial rays are hidden.

Figure 4 shows the vertical views of the secondary
electrons generated by gamma rays with different en-
ergies. The number of incident gamma ray photons
is 10000 (hidden). Comparing panel (a) with panel
(d), it is easy to find a great difference in track. So it

is urgently necessary to select an appropriate model
size in the exposure factor simulation to consider both
the electron balance and computing time, because the
larger the model size is, the longer the computation
time will be in the simulation.

4.4. Simulation of exposure factor

The above discussion indicates that the effective
length of the ionization chamber has little influence
on the exposure factor, while the effective distance
H between the electrodes should be larger than twice
the maximum range of the secondary electrons (it is
known from formula (3) that under this condition, H
is independent of the exposure factor) and the dis-
tance F' between the source and the effective volume
of the chamber should be also larger than the maxi-

mum range.

With all the above factors taken into considera-
tion, we adopt 1.3 times the maximum electron track
length as the distance between the source and the
chamber, and double the maximum electron track
The
distance between the electrodes is just required to be

length as the effective length of the chamber.

larger than double the maximum track length of the
secondary electrons.

The actual track of electrons in the air cannot
be a straight line, so the maximum range of an elec-
tron in air is actually shorter than its maximum track
length. Here, 1.3 times the maximum electron track
length is adopted as a conservative estimation. It is
found that the simulation results of the exposure fac-
tor are in good agreement with the real values!'? in
high energy parts, but less than the real values due
to the absorption of the air in the low energy region.
To correct this error, the number of real incident ray
photons is used to replace the number of ray photons
emitted by the source. The value for the low energy
part fits well after the improvement. The results are
shown in Fig.5.
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Fig.5. Comparison between simulated value and real value
of the exposure factor.

Figure 5 shows the exposure factor as a function
It can be seen that the
exposure factor first decreases and then increases as

of energy of incident rays.

the energy of the incident rays increases. A minimum

exposure factor is obtained when the incident ray en-

ergy is about 50 keV, which results from the changes
of cross sections of the interactions involved.

Figure 6 shows the curves for interaction time as
a function of incident energy for different types of in-
teractions, i.e. Compton effects, photoelectric effects
and pair production. The inset in the upper left corner
displays the magnified parts of the curves in the low
energy region. It is clear that in the low energy region
the photoelectric effect is a dominant interaction, but
its interaction cross section first decreases and then in-
creases slightly with increasing incident energy. The
Compton reaction increases more dramatically than
the photoelectric effect, while pair production nearly
happens in the low energy region. The total reaction
cross section first decreases and then increases with
increasing incident energy, which can be used to ex-
plain the character of the exposure factor and it is
the essential reason for the variation of the exposure
factor with energy.
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Fig.6. Curves for ratio between the number of ray photons emitted in reactions and the

number of total injection ray photons versus the energy of the incident rays for three

types of interactions.

5. Conclusion

A simple free-air ionization chamber model is de-
veloped to simulate the exposure factor when inci-
dent ray energy changes between 10 keV and 3 MeV.
The effective length of the ionization chamber and the

maximum track length of the secondary electrons in
air are taken into consideration in the model. The rea-
son for the variation of exposure factor with incident
energy is also analysed primarily by the interaction
cross section term. It is found that the simulation

results are in good agreement with the real values.
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